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18" and 36'

| Abstract
Studies were conducted to elucidatc\s:)me of the effects of thermal enviromfnt on the
énc?gy metabolism m mature, closely shorn sheep fed %t a near maintenance lgvels, Mature
sheep lack brown adfpose tissue, therefore any’ thange _in rﬁelabolism related tc; thermal

exposure will be likely to occur through mecixamsms different from those often described in

small mammals anad associated with brown adipose tissue. Metabolism was measured by
‘ : .

open-circuit respiration calorimetry while the sheep were confingd i a temperature cor'm'oll.ed,

£ % .
water immersion systern. Resting metabolism was 4.5, 3.8 and ,3.110.1 W/kg"75 for the O,
A b

Cclimation temperatures with the respective Summit metabolisms bging<24.1,

75 )

20.4 and YTR+1.0 Wrkg’

In vitro meastyements made on oxygen uptake by external inter‘costal muscle and |
transmembrafié Nat/K™*  ATPase activity* shfwed” that thermgl acclimatidn shifts in
metabolic intensity occured in non-shivering muécle tissue. The whole body O2 uptake of the

sheep from which the muscle samples were obtained was 257+0.35, 241:E3 25 and 204+3.25

ml O,/h per kg for the 0°, 18 and 3(1J C accimation temperatures and thé external intercostal

2
muscle O2 values were respectlvely l.lli0.04, 0.8_3:t U.OS and 0.481+0.05 ul Oz/h per mg of
tissue DM. The proportion of O2 uptake in the external intercostal muscle inhibited by
ggabainf a specific inhibitor of Na¥7 K1 ATPase, remained relatively constalnt across
thermal environments and averaged 19%. J .

The estimated upper critical temperatures of sheep ac%limated to 0, 18° and 36" C were

- ? .
" 41.1, 41.4 and 40.8 0.1 * C respecttvely and the lower critical temperature values were 35.3,

34.7 and 33.8 :t0.6; C. The upper and lower critical tem?eratures were measured in thgrmally
acclimated shéep while partially . immersed in.water, and are- n(;t the same as st’ill‘ air‘
temperature valugs. . ’

Results thoned in. this thesis show that mature sheep undergo therma] acchmahon
which is independent of feed intake and external thermal insulation. This acclimation is
accompanied by changes in resting and cold-induced summit metat_)olism. The whole animal

metabolism changes are acco'mpariied by changes in oxygen upgaké by nonshivering skeletal

iv



muscle which is associated with Na+/K + ATPase activity in the muscle. There was shifts in

the upper and lower critical temperatures of sheep as a consequence of thermal acclimation.

N
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1. INTRODUCTION .

Ammals must respond 1o their thermal environment when the ambient temperature
exceeds their upper and lower critical temperatures as physiological mechanisms of hcm‘loss
or broduclion are needed to maintain a constant body temperature.  Exposure o a
homeotherm 1o a hot or cold environment results in phvsiological responses (Thompson 1977,
Alexander 1979; Sasaki and Weekes 1986; Hales 1974, Webster 1976; Rousset et al. 1984) that
cnable the animal to cope better with the unfavorable conditions. When the environmental
temperature changes from above to below the lower critical temperature, food intake usually
increases (Hamilton 1963)e This higher energy intake increases resting metabolic rate thereby

reducing the demand for additional heat production in the cold. The opposite tohe incrcase

in food intake associated with cold exposure is seen in exposurc 10 an environment above the

’

upper critical Ltmbefat.ure (Montsma ¢ al. 1985; Luiliﬁg et al. 1985; Curtis 1981). When
cxposed to heat stress, animals reduce their metabolic energy intake which results i a_ lower
level 6f metabolic heat production (Wei)ster 1976).

Thermal exposures, and the accompanying changes in intake, lead to alterations in
endocrine status (Sasaki and Weekes 1986, Kennedy et al. 1986; Mount 1979; Rousset et al.
1984) . -These endocrine alterations result in both cagabolic and anabolic hormone secretion
changes which cause metabolism to either increase or decrease. This change i mc:abolism
may allow the animal to be more comfortable in it's thermal en;/ironment.

During cold adaptation or sea()nal acclimatization small mammals improvelthe_ir cold’
tolerance mainly by increasing their capacity for nonshivering lher:nogencsis (Bruck et al.
1949; Jansky 1973; Heldmaier et al. 1981). Thi; increase in nonshivering thermogenesis is
associated with hypertrophy gf.brown adipose tissue (B.A.T.) (Cameron and Smith 1964) and
morphological changes in skeletal muscle mitochondria (Behrens and H.imms-Hagcn 1977).
B.A.T. thermogenesis is a result of nbrcpinephrine release from sympathetic nerve endings
within the tissue agtivating lipolysis and the proton conductance pathwh.y.(Sas'aki, and Weekes

’ ' [

1986). Catecholamine induced increases in B.A.T. thermogenesis contribute to an increase in

resting and cold induced summit metabolism in rodents and neonate sheep (Pasquis et al.



1970, Roscnnﬁmn and Morrison 1974; Alexander et al. 1970) .

Adult ruminants contain no B.A.T.. even after acclimation to cold (Sasaki and
Weekes 1986) . However apparent aulinﬁlion to cold is characterized by an clevated resting
metabolic rate (Webster et al. 1969a: Alexander et al. 1970; Young anq Degen 1981) and
possible replacement of shivering thermogenesis with nonshivcring‘ thermogenesis (Schaefer et
al 1982, Young 1975). Earlier wark suggested that norepmcphr_iﬁé had no direct calorigenic
acuon in either wanm or ¢bld acclimated adult sheep (Webster et al. 1969b). However more
recent work hz;s demonstrated a small calorigenic responsc to norepinephrine infusion ‘and a
response o cpinephrine  which 18 poyntiated.. by chronic “cold cxposure (Gra\q%m and
Christopherson /{%‘1) The relative potency of epincphrine clearly differs from the classical
patiern of norepinephrine stimulated thermogenesis associated with B.A.T. (Sasaki ard

Weekes 1986). ,

Few reports exist describing the effect of prolonged thermal exposure on the
metabolism of adult ruminants that are not confounded by alterations in food intake, or
chanﬁcs in insulation and body size. Serious queslions\an’se as to the approprialcr;ess of
applied correction factors Lor the confounding issues.

Re;;ons in the literature exist linking changes in, resting metabolism with changes in
cold ih(il:\ced summit metabolism ifdsmall mammals (Depocas et al. 1957 and Heroux 1963).
Webster et al. (1969b) reported that cold ac;limaled and acclimatized sheep showed an
enhanced capacity to increase metabolic heat production during severe cold stress. With
| different feed intakes, animals exposed to the cold had higher le(elé of heat production
compared to controls. Although cold induced summit rhetabolism values are reported, it is
doub!ful if summit\metabol'im was achieved. Bennett (1972) suggesteg,that a fall in rectal
temperature of 0.5 to 2.0° C p’cThbur is needed to prove summit metabolism in mature sheep.
This rate of decline in }ectal temperature was not achieved in the cold stress experiments of
Webster et al. (1969b). ] .

In the present series of experiments, mature sheep receiving the same type and level of

feed were exposed to three thermal environments to se¢ the effect on their energy metabolism.

N — e §



‘;i‘—*
’ .
Resting and cold ingduced sunmmif metabolism were estimated after £ thermal acclimation

period in a water immersion system,similar to onc described by Ea\lcs and Small (1980) an

Therminarias et al. (1979). The sheep in the trials underwent a period of acclimation to a
near constant ambient temperature in a controlled temperature ¢hamber and did not undergo
acclimatization (0 a complex environment as Occurs naturally. Along with measured changes in
resting metabolism and summit metabolism, the upper and lower critical temperylures anitha

N B

nonshivering component of muscle tissue metabolism were measured. Two techniques for
measuring Testing metabolism allow For the calculation of an energy cost for maintaining a

standing position. The objectives of the studies were to elucidate the effect of thermal

acclimation on the metabdlism of mature sheep.
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1l. THE EFFECT OF THERMAL ENVIRONMENT ON RESTING AND SUMMIT
METABOLISM IN MATURE SHEEP

A. Introduction
" ]
When faced with a different thetmal environment, a homeotherm will adjust it's rate
AY I
of heat production and/or heat loss. Prolonged thermal exposure may result in acclimation.

4 A
Bligh and Johnson (1973) defined thermal acclimation as "a physiological change, occurring
[

v}ithih the lifetimie of an organism, that reduces the strain caused by experimentally induced
\st\réssful changes in particular climatic factors”. Acclimation tesults from exposure to one
single climatic factor such as ambient tem‘perature in a controlled environment.
Acclimatizatiop is defined as a physiological change, occuring withirx the lifetime of an

organism which reduces the strain caused by stressful changes in the natural climate (Bligh

and-Johnson 1973). Acclimatization refers to adaptive changes incurred due to exposure to

natural climatic conditions. o4

‘Wickler (1980) has shown the effects of cold acclimatization on various rodent
species. Winter-acclimatized animals had> higher resting metabolic rates and were able to
increase their_metabolic heat productiorl during severe Ol stress to higher levels than ocould
summer acclimgtized animals. The ability of rodents and_small mammals (<5.0 kg.) to
increase metabolic  heat production during cold stress, is largely due to
norepmephrme sensitive metabohsm (Wrckler 1980), which is assocxated with brown adipose
tissue (Alexander 1 ) Brown adipose tissue has a marked capacity for %lodncmg heat °
(Alexander 1979). Present in most mammahan species at some time of life, 1t is considered a |
‘major site of heat generation in.arousi , hibernators, most cold-exposed newborns, .and
cold-exp\osed adults of severain non- hibernating species (Horwitz 1979). Brown adipose tissue

in neonate lambs is converted to whme adipose tissue at a rate dependcnt on the degree of cold

i
1986). ' C



Despite the abj@nce of brown adipose tissue in adult ruminants, cold-induced
physiological acclimation has been shown to increase resting metabolism in mature sheep‘nand\
cattlc (Webster et al. 1969; Alexander et al. 1970; Young and Degen 1981), though this occurs
in a differcnsmanner than in rodents with brown adipose tisslue. Although a calorigenic -
response o norepinephifine infusion has been d;monstrated in adult sheep (Graham and
Christopherson  1981), the relative magnitude of the response differs from the
norcpincphrine -stimulated brown adipose tissue heat production seen in rodents. * ’

’ Winter acclimatized sheep showed - increased cold hardiness in the experiments of
Webster et al.(1969) and Slee (1974); however, feed intake varied with thermal treatment.
The increased feed intake associated withjad exposure would have had a confounding effect
on resting heat.production measurements. As feed intake increases, metabolic heat production
mucases (Mount 1979).

Sheep exposed to hot environments srgmfmantly reduce their voluntary feed intake
(Thwaites 1968). Thermal exposure also results in decreases in thyroid activity which may
reduce the animal’s metabolic @&oduction (Webster 1976).

" The effects of tiermal exposure on level of summit metabolism in adult sh'Eep are
unknown. Exnosure t0 a cold environment may enhance summit metabotism, while exposure
to a hot environment may inhibit it. /_\

The conditions of measurement described in this paper are not necessarily the same as

those used in other laboratories. The f ollowing definitions are therefore provided.

Resting Metabolism (Watts and Watts/kg'75): The metabolic rate of a physically inactive

animal, 15-22 h postprandial and submerged to the neck -in warm (3% VC) water; calculated
. from the average rate of whole-body O2 consumption during a 10 to 20 minute period.

Cold-Induced Summit Metabolism (Wafts and Watts/kg'75): The highest metabolic rate
»

achieved by a physically inactive animal submerged to-the neck in 22- 18" C water; calculated
from the hlghest rate of whole-body O2 consumptron sustained for 20 minutes.
This experrment was undertaken to determrne the effects of prolonged thermal

exposure to 36. 18 and 0° C on resting and summit metabolism in mature sheep at a constant



level of feed intake. .

Q

B. Materials and Methods

Animals and Management

The experiment was conducted with six mature, suffolk crc;ssbred ewes, (initial body
weight of 541+0.9 kg; mean+SEM). They were maintained in individual metainolisfn crales in
temperature-comrqllcd rooms at 36, 18 or 0" C and exposed to constant lighting throughout
the study. Prior to the trial, the ewes were closely\ shorn (5 mm) and drenched with
. Thiobenz‘o] for control of internal parasites. The sheep were given an intermuscularl A,D and
E injection containing retinol (75 mg), cholecalciferol (.94 mg) and a-tocopherol (16 mg).
The sheep were subsequently reshorn ';.;/ery 14 to 18 d while on trial,

Regardless of temperature treatment, the ewes were fed once d;xily at 1500 h. They
received a diet of 1 kg alfalfa hay pellets containing 15.0% crude protein on a dry matter
basis. Water a;ld cobaltized iodized salt were available free chpice. -

[ | s

Experimental Design

w

X . \ 8 . . X .
The study was a double 3x3 Latin Square design. Animals were initially paired on the

basis of body weight and one of ea‘::h pair was allocated at random to one of the two Latin
Squares. ‘ ' 1

The experimental schedule for each animal comprised three thermal acclimation
periods of 24 d, eac\h followed by a 3-& measuring period. The 24 d acclimation period was
“used after conmltation (Young, personal commﬁnication). The measuring period allowed for
measurmg restmg and summit metabolism of two sheep per day, selected at random, with the
measurement taking approxnmately 4 h. The animals were not fed for 17 to 23 h prior to these
measurements. ’ .
| ¢ For metabohc measurements the ewe was strapped into a tubular aluminnm fm\x& :
which was then plawq into, and attached to, a wooden water bath (dimensions 46.3 cm wide,

\ .
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102 cm long, 96 ‘cm deep). An electric water pump tirculated water (rate = 133 T(min) to
cnsure an even' temperature throrrghout the bath. Resting metabolism was m&ured using
indirect calorimetry with the ewe stabilized in 3810.2° C water for a minimum of 20 min.
Water bath temperature was then lowered using cold rar) water over 2.5 h to betWeen 22 and
18" C until maximum metabolism was achieved. Metabolic rate was then reeorded for 20 min.

After summit metabolism was measured, the cold water in the bath was replaced with
water at approximately 39" C and the ewe was rewarmed for 43-60 min. The ewe was removed
from the waterbath, towel-dried, placed in a room at 20" C for at least 16 h, and fed before
returning to its particular thermal environment. The ewes were not moved 1o a new thermal
environment as a pair, the pair ‘was split up. For example in penod 2, one of the ewes
assrgned to the 18 C environment had. prevnoUSIy been in the 36" C envrronment and \}1e
other in the 0" C environment.

S~

} .
Measurements bd ’ \

Metabolic rate (M) was measured using an open-circuit respiratory analyzer (Young
et al. 1975) connected to a ventilated face mask to which tﬁe‘sheep had been previously
accustomed. Ventilation rate of the mask was.read from a flowmeter (Rotameter, Fischer and
Porter, Warminster,Pa.), and the oxygen concentration difference between incoming and °
‘outgoing air, from a paramagnetic oxygen analyzer (Taylor Servomex»' OAIS‘}, Sussex,
Eng}and). The open-circuit respiratory analyzer was calibrated using the procedures of Young
et al. (1984); M was calculated using the equation of McLean (1972)'. )

Water and rectal temperatures ‘were measured using 40 s.\r.g. Cu/Con wire. The
thermo-junctfon for measuring water temperature was placed cloee to the HZO pump. The
thermocouple for measuring rectal temperature was sheathed in a flexible plastic tube and
inserted 10 cm intp the rectum. All temperatures were measured using the same measuring
instrument (Bailey BATS, Saddle Brook, N J.) which was calibrated electronically beigit

expenmental periods. Temperatures were recorded by means of a Electromc 19 potenuomemc

f2Y
recorder (Honeywell, Inc., Denver, Co.) to pro<1de a hard copy.
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Blood sampling and analysis (

Approximately 20 ml! of blood was collected using a heparinized veni-puncture
(Vacutainer, Becton Dickinson, Mississauga, OntQ.) after 27 d of thermai exposure. A
packed-cell volume was measured using hepa\rinized micro hematocrit tubes. After
)cemrif ugation, plasma samples were s'tored at -25" C until théi} analyses for free fatty acids
(FFA), glucose, and T3 and T4. Freg fatty acid levels were analyzcd according‘to the
enzymatic method of Shimizu et al. (1979), which was based on Acyl COA Synthetase.
Glucose levels were analyzed using the Technicon Method (No. SE4-0002FF4, Tec}micé;l
Instruments Corporation, Tarrytown N.Y.). The Technicon method was based on the reaction
of a cupric neocuproine chelate wi.th glucosc;.. Total triiodothy;‘onine, and 1h§'r0xine

concentrations -were measured using radioimmunqassay (Coat-A-Count, Diagnostic Products

Corporation, Los Angeles, CA.).

A}

- o

Statistical Procedures . |
Data were analyzed using least-squares analysis of variance ‘and where significa'mt
differences existed, means were compared using the Student-Newman-Keuls Multiple Range

Test (Steel and Torrie 1980).

C. Results”

-

Because of health problems, one animal was removed from the study; the reported

results are based on five animals. . \

The thetmal exposure temperatures were 010.2° C, 18.31£0.4° C a{l:d 36.2+ 0.2° C,
. . ) N . " . .

(mean £ SEM) respectively.-The relative humidities for the 0, 18 and 36’ C envir,pnme%s were

81, 49 and 39% respectively, calculated using wet and dry bulb temperatures. |

A'kh
]

-

Resting Metabolism , _ .
"To account fpr possible effects of differences in body weight during each thermal
exposure period, metabolic heat production’ has been expressed in both watts (W) and in } |



120

W/kg'"> (Table I1.1). Resting metabolism wa@ significantly altered (P<0.05) by thermal

5

exposiare when expressed in either W or W/kg'7 . Resting metabolism measured in 38" C

water was highest in animals after exposure to the 0° C environment and lowest after exposure

to the 36" C. Changes in body weight during the 24 d thermal exposure periods resulted in
diﬂ“crences when resting metabolism was expressed in W or W/kg‘75.

\
metabolisrn was measured in W, the 0° C thermal exposure temperature was no longer(

Wherd resting

significantly different from the 18 C exposure temperatute, Table I1.1. It appears that

changes in body weight are confounding the estimates of resting metabolism.

When the increase or decrease in resting - metabolism that accom?:mied thermal
exposure was expressed as a percentage of the 18" C value, differences could be seen. Resting
metabolism expressed in W/kg'75 resulted in exqctly the same percentage increase or decrease,
18.4%. The same is not true for resting metabolism expressed in W. Thermal }:x_posure results
in a 4.5% increase and a 23.9% décrease in resting metabolism. The differenceé in correlation
coefficients (see below) for resjing me;aboiism expressed in W or W/kg'75 is a reflection of
this unequal c.hanges in magnitude. .

The regression of acclimation temperature on resting ‘metabolism (R.M.) with 5

observations per acclimation temperature can be expressed as: ~

-

B

RM.(W)= -0.49x(10.22) +78.86(£5.02), (mean+SEM), with r= -.531 or
. . ) ’

R.M (W/kg P)= -0.04x(£0.01) +4.51(£0.24), (mean+SEM), with 1= -.706.

a

See the lower l}alf of Figure II.1 for the effect of thermal “acclimation on the resting

metabolism of mature sheep. The change in resting metabolism associated with thermal
t

exposure is linear.
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Summit Metabolism

Summn metabolism was significantly (P<0.05) affected by t.hermal exposure (Table -
\

I1.1). Summit metabolism measurements made after exposure to 0" C and to 36" C showed the
(3 4

}Qne trend as with resting metabolisuf. However, unlike resting mctabolism. when summit
metabolism is expressed in either W or W/kg‘75, the significance of differences between
treatment means remains the same, Table 11.1.

The effect of thermal exposure on summit metabolism results in consistent increases
or decreases when expressed as a percentage of the 18° € value. Thermal exposure resulted in a
8.2% increase and a 11.8% decrease in summit metabolism when expressed in 'W. When
summit metabolism is exprgsséd i.n W/kg‘75. the increase was 17.6% and the decrease is
16.2%. |

The ‘regression of acclimation temperature on summit metabolism (S.M.)’.with 5
observations per acclimation temperature is:

-

SM.(W)= -2.48x( £0.68) +423.94( £ 15.72), (mean+SEM), with r= -.712 ot

75y _

SM.(Wrkg’ -0.19x(£0.04) +23.88( £ 1.04), (mean+5SEM), with r= -.760.

4. ‘ : | 2
See theupper half of Figure I1.1 for the effett of thermal acclimation on summit metabolism.

Summit metabolism in either W or W/lcg'75 is affected linearly by thermal exposure.

*

Ratio of Summit Metabolidin to Resting Metabolism | - - .

The ratxo of summit metabohsm to restmg metabohsm was not sxgmflcantly affected ¢

- by thermal exposure. The ratio was simllar for- all temperature tmtments and averaged 5.5,

The ratio was not changed by expressing resnng “or  summit metabolism in either W or

15

W/kg' The significance of the constant ratio is unknown at this time

.8 .
- R -

()
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;‘ Fffect of Thermal Exposure on Rectal Temperature

Yo The rectal temperature recorded during the first five minutes in the water bath during
r: xM¢

" -the measurement of resting metabolism was significanty (P<<0.01) affected by thermal
cyposure of the sheep. The rectal temperature values were 388 388" and 39.5"1().16' C
Umean t SEM) tor the (7, 18 and 36" C thermal exposure temperatures, respectively. The 367 ¢
cavposure temperature differs significanty (P<0.05) from the other two.

Neither the effect of thermal exposure on the rectal temperature of the animal at
summit metabolism or the ume needed for the animals to reach summit metabolism were
stgnificantly dif ferent between treatments, P 24 and P - 0.22 respectively.

Effect of Thermal Exposure on Body Weight

Table 11.1. gives the average bodv weight of the animals after 24-26 days of thermal
cyposure. The effect of thermal exposure on body weight was significant (P<0.05). The
difference in weight between the 07 C and 36" C temperatures was significant (P<0.05).

The regression of acclimation temperature on body weight (B.W.) after 24-26 days of

e AN o N
dposure with S obscrvations per acclimation temiperature is: ﬂ

&

B.W.(kg)= 0.14x(£0.04) +46.62( +1.13). (mean$ SEMY), withr= .614.

The lincar change in body weight occurred despite the fact that each pair of sheep was from a

different thermal environment.

Effect of Thermal Exposure on Plastha Endocrine and Metabolite Concentrations
Table[ 11.2. shows the effect of thermal exposure on various endocrine and metabolite
concentrations. The effect of thermal exposure was significant (P<0.05) in all cases.

Exppsure 1o 0° C resulted in increases in all plasma concentrations of hormones and
v

metabolites measured and exposure to 36" C lead to decreases. The increase in plasma

“concentrations of triiodothyronine; thyroxine, free fatty acids and glucose associated with

\
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exposure to 07 C indicates a higher, or morc intense, level of metabolism due to thermal
exposure. The effects of hyperthvroidism on metabdlism are known, and when accompanicd

by increased substrates, one would expect metabolism (o increasc.

D). Discussion

The feeding routine and level used in this experiment did not result in any feed
refusals by the animals in the 36" ¢ environment: thus the reduced resting-metabohic rates
observed were not a result of different ;ceding ievel. The same can be said for the increased

resting metabolism seen in the animals in the ¢° C environment.

Physiological adaptation to cold is well documented in small mammals (Smith ct al.

1972). and similar’ changes apparently occur in ruminant animals (Sykes and Slec 1969,
Webster et al. 1970; Young 1975a, b). Adaptation to c¢dld in ruminants involves increases in
thermal insulation, appctite ‘and basal metabolic intensity (Young 1980; Young and Degen
1981). Resting metabolism, which reflects metabolic intensity, was significantly increased in
the present study. despite constraints put on external insulation and feed intake.

Cold thermogenesis can be divided#into two typés: (1) shivering thermogenesis: cold
thermogenesis in striated‘ muscle ultimately derived emirel* from the increased rate of
hydrolysis of ATP and creatine phosphate releasing energy for muscle contraction, the energy
all being dispensed as heat (Wet;ster 1974), and (2) nonshivering thermogenesis: mechanisms
for producing wn/b

L
homeothermy'in a cold environment (Webster, 1974). Shivering intensity may decrease during

y means other than shjvering whose sole function is to maintain

prolonged mild cold exposure of sheep (Schaefer et al. 1982) and cattle (Young 1975b). The
findings of this experiment are in agreement with Scﬁaefcr and Young, when the ewes were
placed into the cold, shivering was observed for the first few days, but not after 7to 10 d.
Thus the majority of.the increase in resting metabolism is likely due to an increase in
nonshivering thermogenesis. *

Chronic cold exposure of adult sheep results in cle_vated plasma concentrations of

adrenaline and noradrenaline (Chnstophgzson et al. 1978) and urinary cateflwxne excretion
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(Sasakr and Takahashi 1980). Wcebster (1974) h:’s reporied that catecholamines slimulaté
lipolysis, induce hyperglycemia and increase permeability of cell membranes (o cauons.
Responses 1o catecholamines in “fe cold may be potentiated” by clevated thyroid hormone
levels (Fregly et al. 1979). Prolonged cold exposure of cattle and sheepvclevalcs their plasma
concentrations  of  thyroxine and the more-active lriiodolhyr‘onine (Christopherson and
Thompson 1983: Kennedy ct al. 1986). Elevated thyroid horfnonc levels may increase the
thermogenie capacity of skeletal muscle by nfluencing mitochondrial structure and membrane
Na ' /K ' ATPase activity (Sasaki and Weckes 1986). Sasaki and Takahashi (1980) have
dcm()ns-lral(‘d an cffect of cold exposure on the progressive ‘inhibition of the insulin secretory
response o intravenous glucose injection. The reduced level of insulin secretion in a cold
environment wm;ld allow enhanced mobilization of glucose and free fatty acids in response 10
clevated sympathoadrenomedullar activity (Sasaki and Weekes 1986). These endocrine changes
are reflected in an increased resting metabolism in mature sheep as the thermal environment
becomes  colder. A'nirﬁals whicg are acclimated to cold temperatures should be able to
withstand colder temperatures before increasing thermoregulatory heat production compared
to afhimals acclimated to a warm thermal environment.

Chronic heat stress in growing or lactating cattle leads to a reduction in appeti'te when
animals are fed above maintenance (Webster 1976). This decrease in intake reduces the

“

thermoregulatory burden on the animal by reducing metabolic rate. Webster (1976) reported

that. if food intake is forcibly maintained by putting any refused [ood directly into the rumen

through a fistula, metabolic rate does not alter significantly, even though marked hormonal

[N

~ changes may occur. Our findings do not agree. One possible explanation is that sheep offered

a high quality diet as in the present study during exposure to heat stress would show a smaller
reduction in intake th#n if high fibre diets were given, due to the heat increment of the
ration. It appears that the alfalfa peliets were a high quality feedstuff, as no feed refusals
otcurred. Alth'ough feed intake did not change throughout the study, metabolic rate has

changed through other physiological responses. . -
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In cattle, thyroid secrgtion rate fell during exposure to heat even when the normal
reduction in feed intake was fprevented by force feeding through a rumen fistula (Youscf et
al. 1968). Chronic hca%xp ure results in depression of plasma hydrocortisone concentration
and turnover rate (Christispn and Johnson 1‘572). Similar depressions were oﬁservcd in the
turnover rates of insulin J(Kamak et al. 197‘0) and growth hormonc.(Milra et al. 1972).
Hyperthermic steers on co!urolled fdod intake showed increased urinary output of both urca
and cr»ca(inine, suggestingiincreased protein 1>abolism in muscle (Colditz and Kcllaway 1972;
Vercoe 1969; Vercoe an(ﬁ Frisch 1970). ring heat stress both catabolic and anabolic
hori®ne secretions are cfepressed, and as a result, the whole ;;rocess of metabolism slows
down (Webster 1976). This is reflected in the lower resting metabolism seen in this trial. The
lower resting metabolism ;thould lower the thermal burden on the animal, thereby allowing it
10 be more comfortable in the hot environment.

Few summit metabolism trials have been conducted on mature sheep. Beanett (1972)
reporied the effects of rectal temperature, shcariné, body posture and body weight on summit
metabolism in' sheep. No consistent relationship between summit metabolism and rectal
temperature exists above 37 C, but a direct relationship exists betweern 30" and 37‘.C. Shearing
or fasting for 19-21 h prior to the measurement did not influence summit rﬁetabolism.
Summit metabolism vdlues for sheep lying down were 27% lower than for those standing and
in Bennett's study summit metabolism was proportional to fleece free body weight raised to
the power 0.9. |

The sheep used in Bennett's (1972) t#fal were all held in a warm or thermoneutral \
environment before the measurement of summit metabolism. An average value for summit

» was reported compared to an average of 20.4 W/kg'75 for the

metabolism of 25 W/kg'
sheep held in the 18" C environment in the present study.. The differences in the two values'.
18.4% may be paitially explained‘by the use ot: different meas\ure;xxent techniques. Bennett's
(1972) sheep were standing in a wind tun;mel while summit metabhglism was mcasured. In the
present study the animal was in the water bath :;:l bouyed up, and although the sheep's h

are d'angling down, as if standing, the’amount of muscle tone is less than if the sheep had to

q . . ¢
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support their body weight. This may have resulted in a reduced hea/gproduclion. Further work

in comparing resting metabolism in a water bath to resting metabolism while standing is
. .
required.

The increase in summit metabolism due to cold acclimation agrees in principle with
that of Pasquis et al. (1970) and Alexander ct al. (1970), who reported increases in rodents
and lambs with cold acclimation. Webster et al. (1969) reported that the cold acclimated

.
sheep showed a.n enhanced capacity to increased metabolism during severe cold stress but was
unable to measure summit metabolism. v

Summil metabolism appears to increase as the temperature of the environment of
acclimation is reduced. When homeothermy is challenged by exposure to cold; the increased
level of summit metabolism observed in the cold-acclimated ewes should prove useful in
preventing hypothermia. A ewe acclimated to 35" C may have a lower tolerance to the cpld,
and may be more susceptible to hypothermia when cold stressed.

Both resting metabolism and summit metabolism have changed as a result of exposure

to different ambient temperatures. The changes in metabolism have occurred without different

feed intakes and, therefore, reflect a state of acclimation.



Table 11.1 Effect of thermal tnvironment (C) on resting metabolism (W; W/
R .

metabolism (W; W/kg’

body weight (kg)

-
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&

'75). summit

) and the ratio of summit metabolism to resting’ metdbdlism and

Environmental temperature

0 (5)* 18 (5)* 36 (5)* SEM
Resting metabolism 78 .3 74 .92 57.0° +4.0
- «
452 3.8° 3.1 +.1
\ b b
Summit metabolism 420.23 388.2° 342.3 +19.8
24,02 20.43° 17.1° +1.0
Ratio of summit 5.542 5.482 5.462 +.23
to resting
Body weight 46.3 49,830 N1 £1.0

*Animals per treatment.

4

‘a.b,q Row means are significantly different if followed by different letters (P<0.05).

-
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Table 11.2 The effect of thermal environment (*C) on plasma triiodothyronine iT3] (nmol/1),
plasma thyroxine [T4](nm01/1), and packed cell volume [P.C.V.] (%). plasma glucose

(mg/100ml) and plasma free fatty acids (mM) concentrations

o

Environmental Temperature

0 (5)* 18 (5) 36 (5)* SEM
T s 1.41° 1.31° +0.15
1, 158.612 115.70° 11.61° +5.51
PCV. 41,772 36.29% 1312 1159
Glucose ‘ 70.33 s16° 52,00 £3.6
Freg fatty acids \\4ba .13b .01b +0.05

*Animals per treatment.

a.b.c Row means are significantly different if followed by different letters (P<0.05).
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II1. RESTING METABOLISM MEASUREMENTS IN A WATER IMMERSION SYSTEM

COMPARED TO STANDING IN A HEAD-HOOD SYSTEM

’
e

K. Introduction .

Acute cold stress measurements on animals are difficult because these measurements
can result in peripheral cold injury (frost bite) or lethal hypothermia (Jansky 1966). Studies
of cold induced summit metabolism require a decreasing rectal temperature which results from
severe cold exposure in a temperature controlled chamber. A‘n alternative to a cold chamber,’
used with small homeotherms, is a 80% He, 20% 02 environment. '1"he increased thermal
conductance of the hédium mixtu‘re results in maximufn metabolism measurements being made
at relatively mild cold exposure (Rosenﬁann and Morriso'n 1974). A third rﬁethod' for
applying an fcute cold stress, is a temperature controlled water immersion system similar to
those described by Eales and Small (1980). The higt; thermal cﬁnductancg of water will allow
severe cold stress measurements without.injury, after’which warm water could be used to
rewarm the subject. Whittow (1976) reports a conve'c.‘t'ive.con'stam for 'water that is 167 times
that of air, this constant is given by dens'ity X §pe'cific heat x thermal conductivity/ vigcosity.

A water immersion system may also be applied in the 'study of acute heat stress. It
would be c;as'y to slowly increase ‘the water temperatufe and rﬁeasure the effect on a subject's
metabolism. Any injury risks would again be minimal. |

ﬁligh and Johnson (1973) defined resting metabolism "as tﬁe metabolic rate of an

animal which is resting in a”thermc’mgutra‘l environment but not in a post absorptive state”. In
our laboratory, resting metabolism is measured with the animal in a temperature controlled
. water immersion system or while standing in a head-hood system.

~ ’

B ~ " .
The position or psture of the animal is the same in gach system. In both systems the™

animal has its legs hanging' beneath it. In the water immersion system, the animal is bouyed .

.

.up'by the water. If differences in resting mgtaboli\sm rates exist between the two systems, one
possible cause may be due to b.}e amount of enefgy expended in order to maintain a standing.

position. . .

“~

. 26 e - - L]

T



2

~ | 27

The study reported Bere was conducted to determine if differences exist betwin\,

resting metabolism vahies measured in either the water immersion or the head-hood syste

The study arose as part of a larger experiment concerned with the effects of thermal

environment on the metabolism of thature sheep.

B. Materials and Méthods

_Animals and Management

Six "suffolk crossbred ewes with an initial body weight of 5410.1 kg (meatn +SEM)

were random.ly assigned to one of three environmental temperatures (0" C, 18" C, 36" C). The .
ewes wege closely shorn at intervals of 14-18 days and were held in individual metabolism _

“crates in animal rooms at 18" or 36' C or in a controlled environment chamber at 0° C. The

’

ewes were maintained in their fLespective thermal environments for 42 days. Animals were fed
e

1.1 kg of pelleted alfalfa hay per day, water and cobaltized iodized s#it available free choice.

Measurement Systems -

Y

" Resting metabolism was estimated by oOxygen consumption using open-circuit

respiration calorimetry whil¢ the ewes were in either a water immersion system stabilized at

38\%0.01' C or ‘when standing in a head-hood system.at an ambi€nt air temperattire of
24 O:tl 0 C, (mean:tSEM) Resprratton rates of 16-18 per mimite apd the absence of
shtvermg wsere used as indicators of a thermoneutral envrronment 'i'he venulanon rate of the
mask or she hood around the sheep s head was read frorn a flowmeter (Rotameter, Fischer

and Porter Westminster, a. ) The oxjggen concentration. dxfferenoe between mcoming ‘and

P

‘oﬁtgomg air was measured usmg paramagnetxc analyser, (Taylor Servomex OA184, Sussex .

England) for the water 1mmerston system and (Beckman F3M Fullerton Ca) for the
head hood system. Both calorimetnc systems were ealtbrated using the procedum of Young et
al. (1984) and resting metabolism was ealculated using the equatidtr of Mt:Lean (1972)

Metabolic rate measurements for each system were.made on the arimals at least 17 hn.vufter_ ,

~ -t
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feeding

Statistical Procedures
Results were analyzed using least square analysis of vanance, and differences between

means were compared ustng the Student Newman-Keuls test (Steet and Tornie 1980).

(. Results
The Effect of Measurement System on Resting Metabolism '

Table 1111 presents mean resting metabolism values for each treatment group using
erther thg water immersion or head-hood system. Respiration rate averaged 161 2 breaths/min
(mcan +SEM) in both systems and shivering was not observed, which indicates’ a
lh-crmoncmral environment in both cases. Resting metabolism measured with the heéa—hood

75

system 4.5210.30 W/kg" . (mecan t SEM) was significantly greater than measured in the

water immersion system 3.6110.16, (P=0.035). The average differences between the
head -hood system and the water immersion system were 1.22. 0.66 mcf G?BD%W/kg]S
respectively for the 0, 18 and 36" C thermal treatments. The mean difference in resting
metabolism expressed as a percent of the water immersion value' was 25412.7%
(mean +SFM). In both the water immersion and head-hood system, resting metabolism was
highest in the 0" C acclimated sheep and lowest in the 36" C acclima‘ted sheep, confirmbing the
rcs%ts of chapter 1I. The resting metabolism means, measur‘ed 'using the head-héod system,
were: not  significantly differem (P>0.05) across ‘temperature @reatments, but resting

metabolism means weré significantly different when measured using the water immersion

system (P<0.05). ' »

~

2
The’Eﬁdct of Measurment System on the Coefficient of Variation in Resting Metabolism

‘ The coefficient of variation for each measuring system is presented in Table III.2. The

six ewes had their ‘resting metabolism measured in W/kg‘75 using both the water immersion

3
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- - /
. !
system and the standing in a head-hood system on consecutive days. There O ewes In

cach acclimation temperature. A mean ol the two r‘esling metabolism valugs foy cach system
was calculated, and the means and the standard dcviaytion of the means used to calculate the
cocffient of variation for each mecasurment system - The coefficient of variation was lower for
the water immersion system. The increasc in vatiation progressing from (7 1o 18 to 36" C in
the water immersion system is opposite to that scen in the head-hood system and the reasons
for this have not, as yet been established.

D . Discussion

The difference between resting metabolism measured in the water immersion ‘s_vslcm'
and that in t‘he head-hood svstem (Table IIl.]1) is similar in magnitude to changes in
metabolic heat prociuclion found when an animal moves from a lying to a standing position.
Resting (or basal) metabolic rate in humans and cattle is 7-25% greater in the standing
subject than in a lying position, (Vercoe, 1973; Bandyopadhyay et al. 1980 and Geissler et al.
1985).

In the present experiment the aqimal‘s posture or position was the same whether in
the water immersion or head-hood-sysfem. Some of the difference in resting metabolic heat
production measured by the two systems could be a result of the energy expenditure required
to maintain a standing position. Factors such as age, breed and plane of nutrition have been
standardized in the trial. Results of this trial indicated that energy expenditure required to
maintain a standing posture may be 25.4% greater in air than in watef. Thus there may be a
considerable energy cost for maintenance of muscle tone and posture, which ﬁ{'as_nol included
by Baldwin et al. (1980) in their cg\sideration of basal energy expenditure.

Different heat production values have been‘ observed using a water immiersion system
and a standing with a face mask system. Summit metgbolism values measured in adult sheep
in a water immersion system, chapter II., were 18.4% lower than similar vajues reported by

\

£
Bennett (1972). Bennett's (1972) values were derived from shorn sheep standing in a wind

tunnel, and if the animal layed down summit'metabolism was redhoed by 27.0%. It has been
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hypothesized that when it lies down, certain muscles used for shivering are no longer available
and thus heat production was compromised, (Alexander 1979). It is also possible that a
S
reduction in surface arca as a result of lying dowq:]cads to the reduced heat production.
Preliminary work in this laboratory seems to indicate that the differences observed
between resting metabolism measured in a water immersion and in a head-hood system is
lincar. For the water immersion, resting metabolic rate was 17.8% lower than for the
head -hootl system for sheep acclimated to-18" C (Table 111.1). This 17'8l% difference is similar
0 the 18.4% difference in summit metabolism between standing and the water immersion
system for sheep acclimated 10 18 C. The difference between the water immersion system and
standing in-a head-hood system was significant and should be consideréd when comparing
results from one laboratory to another.

The high thermal conductivity of water allows one (o make fa’st and humane summit
mectabolism measurcments, after which the water temperature may be raised and thus the
animal 1s rapidly rewarmed. Since skin temperature ts the same as waler temperature, liss:ue'
insulation can be calculated using the meAthod described by Webster (1974):

/ >

*
Insulation = Temperature Tempcralure(skm)/ heat loss.

(tissue) ~ (rectal)

Once a subject became habituated to the water immersion system, it a'ppeared 10 enter
a slecp/likc slat\e (Oka.mOlo et al. 1986 and Eales and Sm.all 1980) and thig relaxed ‘state
resulted in rapid resting metabolism measurement. The relaxed state may be responsible for
the reduced cpef ficient of variation in the water immersion system compared to the
head-hood (Table II1.2). One can calculate the energy expenditure for maintaining a standing
posture when using a water immersion system in parallel with a conventional head-hood
system. Thus the water immersion system will allow thermal physiologists the latitude to make
accurate and varied measurements in an easier fashion than previously available.

' v

A comparisen of resting metabolism measured by either a water immersion system or

a head-hood system has been described. The water immersion system resulted in a
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significantly lower resting metabolism. It is thought that some of the difference may be duc to

muscle tone needed to maintain a standing posture.
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Table 111.1 The effect of thermal acclimation (*C) on resting metabolism (W/kgﬂs) measured

. W . . .
in a water immersion system or a head-hood system g (/

. ‘\T‘

Acclimation Temperature

0 o’ 36"
Water immersion (2)* 396 + 0012 3.71 1 0.05° 3.14 + 0.05°
Head-hood (2)* 5.18 + 0.69° 437 + 0.30% 401 + 0212

<

A

t Values represent means + SEM.
*Number ol animals per acclimation temperature in parentheses.

3°¢ Row means are significantly different if followed by different letters (P<0.05).

Y
.‘\
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Table 11I.2 The effect of thermal accllmation (*C) on the coefficient of variation for resting

metabolism in a water immcrs’imrs;stem vs a head-hood system

\ Acclimation Temperature
N
0 18 36
Water immersion 0.2% 1.9% 2.3%

Head-hood 18.83% - 9.7% : 7.4%
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IV. OUABAIN-SENSITIVE AND -INSENSITIVE RESPIRATION IN THE EXTERNAL

INTERCOSTAL MUSCLE OF THERMALLY ACCLIMATED SHEEP

A. Introduction

Col;i induced physiological acclimation increases non-shivering thermogenesis, as
reflected by increased resting metabolism in sheep and cattle (Webster et al. 1969; Alexander
ct al. 1970; Young and Degen 1981). This increase in non-shivering themogenesis results from
changes in thyroid and catecholamine status (Christopherson et al. 1978; Graham and
Christopherson 1981; Kennedy et al. 1985). The thermogenic effect of catecholamines
increases in states of hyperthyroidism and decreases in hypothyroidism (Himms-Hagef 1983).
Three basic mechanisms are believed to underlie the therﬂ'rf)genic action of t id hormones:
(1) a change in the properties of mitochondria, such that rgsp'iration increases even in a
coupled state, (2) increases in the total mitochondrial content of tissues, and 3) an increase in
Na+/l(Jr ATPase activity in tissue, which is related to an increased activity and number of

\

pump sites in the tissue (Himms-Hagen 1983). \

Isolated tissue oxygen uptake (QOZ) and active tranSmembrane transport change
markedlfwith the physiological state of an animal (Mchide 1984; McBride and Milligan
1984; 1985a; 1985b; Mi{ligan and McBride 1985). In sheep, exposure to cold increased QO2
and Na* pump-dependent oxygen uptake [QOz(t)] of skeletal muscie, (Gregg and Milligan -
1982). The work of Gregg and Milligan (1982) on ion transport in tissue obtained from
cold-exposed sheep used tied fibre bundles prepared from the sternomandibularis muscle.
Recently, a superior muscle preparation using the external intercpstal muscle (E.I.C.) has
been established for in vitro studies with large ruminants (Wijasinghe et al. 1984). The
present study used this muscle preparation to verify earlier observations on th‘e effects of cold

=~

acclimation on QO2 and active Na* transport and to dgtermine the effects of acclimation to

Guernsey and Ede iman, 1983. The following definitions are provided: f\
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QOz(ulOz/h per mg dry matter): Initial oxygen consumption of tissue biopsy before any ‘
chemical treatment is applied, measured for 20 minutes. | 4

QOz'(ulO /h per mg dry matter): Oxygen consumption in the presence of ouabain, a specific

2
inhibitor of Nat/K ™ ATPase activity, measured for a 20 minute period. This is the ouabain
insensitive component.

QOz(l)(ulozih per mg dry matter): The difference between initial O2 consumption and the

) i
ouabain insensitive c%mponem. This is the ouabain sensitive component.

B. Materials and Methods

Animals and Management

Nine mature, non-lactating, non pré@ant Suffolk crossbred ewes (52.11+3.5 kg,
mean 2 SEM) were randomly assigned to one of three ambient temperature treatments (36",
18" and 0" C) They were placed in individual metabolism ¢rates (0.61 x 1.52 m) in either
temperature controlled rooms or temperature cdntrolled chambers under constant lighting and “\
held for at least 6 weeks prior to measurement. They were clos;ly shorn at the beginning of /
the trial and every two weeks thereafter to.reduce external thermal insula}ion. J
Ea;:h ewe was offered_ 1100 g of pelleted alfalfa hay daily, between 1500-1530 h

regardless of acclimation temperature and there were no refusals. Water and cobaltized iodized -

salt were available free choice.

Whole-Animal O2 ‘Codsumption '

Wholetanimal resting O2 consumption was measured after at least 42 d of thermal
acc*xmauon and 17 h after feeding. Each animal was strapped into a simple restraining frame
and xmmersed ina water bath controlled at 3810.2°C sumlar to that used by Eales and Small'
(1980) and Thermmanas et al. (1979) After the metabohc heat production of the sheep had
stabilized in the water bath, rate\of respuatory .consumpnon of O. 1was measured over a

minimum of 20 minutes using an open-circuit respiratory analyzer, (Taylor Servomex ‘OA
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184, Sussex England), connected to a ventilated face mask to which the sheep had been
previoysly accustomed, Young et al. (1975). The system was calibrated to within 2% by the

Fe-burner method of Young et al (1984). Water temperature was measured using 40 s.w.g.

-

$u/Con thermocouples and a Bailey (BATB,VSaddle Brook, N.J.) instrument, which was

LY

regularly electronically calibrated.

Muscle O2 Uptake and Quabain Sensitivity
Within a week of measuring whole-animal O2 consumption, samples of external

intercostal muscle pere Qbtained from each sheep using the method of Wijasinghe et al.
L ‘\-3'\‘.

Lt .

Rrature in the surgery was maintained at 20-25" C throughout the

“.' u#

sampling pro;css. ‘ G&eggr.and Milligan (1982) have previously showed that ambient
tempe‘ralure in the surgery at time of sampling had no effect on either QOz_or ouabain
sensitivity of sternomandibularis muscle isolated from cold-acclimated sheep. Biopsy fibre
bundles were mounted at resting length omo. plaéu‘c supports using adhesive (Krazy Glue Inc., -
Chicago, 1Il) and pre-incubated for a minimum of 10 minutes in a modified Krebs-Ringer
bicarbonate buffer (Wijasinghe et al. 1984) maintained at 37 C and saturated with air.
Qxy'gcn uptake measurements were made in four or five viable biopsies per sheep

using a YSI Model 53 (Yellow Springs Instrument Co.\Inc., felio_w Springs, 7Ohio) O2
electrode system. Initial O2 uptake (QOZ) was measured for 20 minutes. The sample chamber
was then injected with 60 ul of a 102 M buabain stock solution to achiéve a final ouabain
concentration of 10”4 M', which inhibits Na '/ KT ATPase activity, in the EIC muscle of
adult sheep (Wijasinghe and Milligan unpublished results). Oxygen uptake in the presence of
ouabain (Q02') representing the ouabain insensitive compc‘men.t, was measured for a further
20 min, and by difference, the ouabain sensitive component was calculated (Guernsey and

Edelman 1983). After the oxygen uptake measurements, the fibre bundles were dried

overnight at 60° C for determination of dry matter content.
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Blood Sampli;xg and Analysis N

’Approxirﬁately 20 ml of blood was taken from each sheep using ‘\}enipucture.
(Vacutainer, Becton Dickinson, Missi$sauga, Ont.), aggir} 17 h postfecding and after 42 d of
thermal acclimation. Plasma was.storcd at -25 C uxitil analyzed for total triiodothyronine
(T3) and thyroxine (T4)dlcvels using the radioimmunoassay method of Coat-A-Count

-

(Diagnostic Products Corporation, Los Angeles, Ca.). o .

Statistical Procedures

A

The tissue O., data were adjusted l%) a 10 mg dr( weight using covariate analysis. Data
8

2
were analyzed using least squares anafysis of variance, and where significant differences
existed, treatment means were compared using the Student-Newman-Keuls multiple range test

#

¢Steele and Torrie 1980).

C. Results .
]

Plasma Thyroid Hormone Concentrations ,

Thermal acclimation to 0° C resulted in the highest plasma concentrations of T3 and
T, while acclimation to 3¢ °C resulted in the lowest plasma concentrations (Table IV.1).
Thermal acclimation to 36" C resulted in a 5.4% reduction in T, concentration, compared to
18' C and a 29% redl;ction in T4 concentration, relative to the 18 C'acclimation tcmperanire

value. Acclimation to the 0" C, resulted in a 130% increase in T3 concentration and a 51%
e ¢
increase in T 4 concéntr ition relative to the 18° C acclimation temperature values. .

| i
Whole-Animal 03 Consumption
The thermal environment to which the sheep. were acclimated significantly (P<0.05)
affected whole-animal resting O2 uptake acr(iss all treatments (T able Iv.2). Sheep acclimated
103 C had markedly reduced resting metabolisms, whereas those acclimated to 0" C had *
increased resting metabolisms. This confirm@ihe carlier resuits of chapte‘rv m . \ .
<A
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Thermal acclimation to 0" C resulted in a 6.8% increase in resting metabolism, while
thermal acclimation to 36" C gesulted in a 15.4% decrease in resting metabolism, compared to
the 18" C value',

2]

Muscle O., Uptake and Quabain Sensitivity

2

Because four or five muscle bicpsies were used, approximately 2.5 h elapsed between
starting. measurement of the first sample and completing the final measurement. No
difference in tissue O2 uptake was observed over this period; indeed, Wijasinghe et al. (1984)

found that the resting membrane potentials, ré{gs of protein synthesis, and rates of 02‘ uptake

in intact E.I.C. muscle fibre bundles were relatively stable over an incubation period of more

than 3 h. ‘

T;he QQ2 was parallel with the whole-animal V\‘rc‘sting O2 consumption, (Figure IV.1),
with ‘both increasing with cold acclimation and decreasing witlh acclimation to the ot
environment. Changes were also observed in the QOz(t) hnd the QQZ components of the
muscle O2 uptake. The increase (P<0.05) in QO2 with cold acchmanon was exp 'ned’almost

in Q0,1

(Figure 1V.1). Acclimation to 36" C lead to a significant (P<0. 05) lowering of Q02 whlch

entirely (86%) by an elevation (P<0.05) in 002 with only a sm&kl (P>0.05) ri

was thesresult of reductions (P<0.05) in both QOz(t) and QO2 . Sevcnty-thrée percent of
the drqp in 002 was due to alterations in QOz’. It should ,notec-l‘ that E\he change in Q02 is
more magked with aécli;;]ation to 36" C than to aéclimation to 0" C. Tt;e former treatment
leading to a 43% decrease in QO2 whereas the latter treatment resulted in a 33% ir‘rease m
QO,- J .

The percentage inhibition of O2 uptake by ouabain was unﬁffected l;y thermal

environment (Table IV.2) with an average of 19% of .002 being attributable to QOé'(t).
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D. Discussior_l
} The three acclimation temperatures chosen in this experiment provi_de an opportunity
to compare chronic exposiire of mature sheep in a hot temperature and a cold temperature to'
a control or comfortable .temperature. Chronic exposure of the ewes to the three temperalures
resulted in changes to whole-animal resting 02 consumption and to E.1.C. muscle O2 uptake.

' Cold acclimation increased whole-animal restirlg O2 consumption A(fl‘able: Iv.l)
probably explainfﬁe. at least in part, by an altered thyroid status in cold acclimated arimmals
(Westra and Christophersor, 1976, Christopherson and Thompson 1983; Kennedy, et al” 1986).
Cold acclimation Cart result in changes in plasma \concentrationse of adrenaline and
noradrenaline (Christopherson et al. 1978), and; responses to these catecholamines /m the coldh
maymbe potentiated by elevated thyroid hormone levels (Fregly et al. 1979)'. Much of the
metabolic response to thyroid hormones apoeared to be accounted for by the energy
requirements for Naf pump activity 9(Grremsey and Edelman 1983). From the elevateq
plasma T3 and T 4 levels in cold-exposed sheep (Table IV.1), one can predict an increase‘in
QO2 of the E.I.C,\ muscle. This was evident, but QOZ"Lrptake a'lso crranged markedly with o
cold exposure. The“ouabain sensitive and insensitive fractions of the E1.C. bo_th increased.
but the{proportioﬁ of each'in total- O2 uptake remains relatively constant. 'Other components- .
of mainteoance energy e’xpenditure known to be influenced by th){“roid stattrs are Ca"'2 -

ATPase activity (Van Hardeveld and Clausen 1984) phosbholipid tumover (Vladimi%ov et al.
1984)- and protein synthesis (Brown and- Mrllward 1983) The elevation of QO2 fmay have
" arisen from an increase in one or' more of : these components If tissue sensrtmty to thyrord
hormones in the 0° C acchmated sheep rs u,nchanged_, t_hen other mechanisms of cold,-indl‘r_eeq
thermogenesis, such as the action of catacholamines (Guernsey and lEdelman 1983' Graharn
and %opherson 1981), may be actmngrevrous work in this laboratory. (chapter II) has
shown increased plastia free fatty acid leels and plasma blood glucose level that could actas
substrates for increased- mamtenan)re energy requireménts. - .
The whole-animal 02 consumption and QO2 of the 0°.C aeclimated animals agree _'-;: :
~with" those ‘ in prevrous  studies (Gregg and Miiligan ‘1982) -However, in the pment '

™



eaxperiment. cold-induced thermogenesis in the F.1.C. muscle was largely accounted for by an
I‘nL‘lCIlS(‘ in Q()7' uptake, whereas Gregg and Milligan (1982) found a rise in Q()Z(l) uptake
constituted most (79%) of the higher Q()2 in the sternomandibularis muscle of cold-adapted
sheep fed at the same level of intake as warm-adapted controls. No plausible explanation for
these contradictony findings 1s apparent. The energy expenditure of Na tk! transport varies
with the physiological state of the animal Change occurs with age. lactation, level of cnergy
intakc. and perhaps health status and such change may be quite specifically restricted 1o
Na‘ /K’ transport or may be an overall constituent of a changed ()2 consumption (McBride
and Milhgan. 1984).

Gregg and Milligan (1982) used cut and tied fibre bundles incubated free; the present
experiment uses intact fibre bundles incubated at resting length. The sex and genetic
background of the animals used in the two cxperiments were the same, but their weights
diffc'rcd considerably (35 kg vs 52), and feed intake (g/kg'75) was thus 35% greater for the
animals of Gregg and Milligan (1982). It is known that the Na ot pump plays its greatest

r.,‘q'uamilative role in highly producli:\'e states (Milligan and McBride 1985). Animals used in the
c1.1rrem experrimenl were mature and on a near maintenance level of intake so Na ot pump
activity likely contributed less to maintenance energy expenditure than in the earlier study.
The influence‘of age on Nat/K' ATPase dependent respiration has been documented by
Gregg and Milliga’r{"’(l982 a,b) in sheep and cattle. The percentage of total aerobic energy in
support of NaJr/K+ tranéporl was higher in the younger calves and lambs. McBride (1984)
has reported that hepatocytes from mature sheep expended less cellular energy o'r.i Nat/k™
transport than did those from 1 to 8 week old lambs.

Fﬂnctionally, the sternomandibularis and the E.I.C. muscles differ; the former is a
postural muscle, the latter a respiratory. Schaeffer et al. (1982) reported that in chronic
cold-exposure.’ blood flow to nonrespiratory skel muscle increases markedly, whereas blood
f i?)@ to respiratory muscle is little changed, wml/is consistent with a reduced respiration
rate. Cellular processes such as ion transport may be differentially altered in the two muscle

groups. this is however, somewhat unlikely since the QO, of both muscle groups increases



with cold exposure.

Litte information is available on the effects of heat acclimation at the cellular level
"The 36 C acclimated sheep in the current study had QOz(l) and QOz' values 5S% and 39%
less. respectively, than did the 18 C acclimated animals. Although tn absolute terms the
c¢hange in Q()z' constitutes most of the difference in QO2 between the 367 and 18 C
acclimated animals, the two components of maintenance encrgy cxpenditure studied here
changed -disproportionately, with the ef?‘écl being most marked for ()02(0 uptake  This
implicates a thyroid hormonc response since, as mentioned earlier, T3 and T4 are mediated
through Na Y/ KY ATPase (Guernsev and Edelman 1983). Plasma T3 and T4 levels were
decreased by acclimation to 36" C (Table 1V.1.) The decrease may result in a thyroid hormone
responsc that was seen as the decrease in QOz(I) uptake. The decrease in lhlroid hormone
concentrations was not due to a decreased feed intake which has been reported by Rousset et
al. (1984). ) .

The change due 1o thermal acclimation in energy expended on Na ' /K * transport is
reflected in a changed whole animal O2 uptake values. The changed ﬂ/f)lasma T3 and T4
concentrations and accompanying changes in catecholamine concentrations were expressed
through Nat/k? ATPase. A change in the nonshivering component of animal metabolisnr

due to thermal acclimation has been described.
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Table 1V.1 Effect of thermal acclimation (°C) on plasma trilodothyronine (Tl) and plasma

thyroxine (T4 ) levels

0 18 36
I . e - —
Plasma Concentrationt (nmol/1)
Truodothvronine (3)¢ K253 ¢ .()(wa, 1.10 % .13b 1.04 % 413b
Thyroximine (3) 15064 + 4622 10094 £ 4.12° 7156 4 557

t Values represent means © SEM.

*Number of animals per acclimation 1en\peralure treatment in parenthesis

3 “Mecans within a row followed by a different letter are significantly different (P <0.05).
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Table V.2 Effect of tdermal acclimation ("C) on whole body O2 uptake (ml Oz/h per kg)

and external intercostal muscle tissue O2 uptake (ul Oz/h per mg dry matter) ! £

4/

AN

Acclimation Temperature

0 18 36

Whole animal ' 25745 ¢ 35° 24095 + 325°  203.85 + 325
Total muscle 111 + 042 83+ 00 48+ 05
Ouabain sensitive S0t o 17+ 0 o8+ 01°
Ouabain insensitive 04 o0d 66 + o0s® 740t 05°
Percent inhibition 19.21 + .79° 20.79 + 1.882 16.71 ¢+ 2.412

Values are means + SEM.
8 CMeans within a row followed by a different letter are significantly different (P<0.05).

Three animals per accl?mation temperature treatment.

17
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V. THE EFFECTS OF THERMAL ACCLIMATION ON THE UPPER AND LOWER
CRITICAL TEMPERATURES OF MATURE SHEEP
- f
A Introduction
Previous work in this laboralo@shov‘ that thermal acclimation alters the heat
production of sheep and cattle (Young 1975; chapter 1I; and chapter IIT). In one study\
(chapter 1I) the resting heat production of mature sheep in (W/kg'75) acclimated to 36 C-
was 18.4% lower than that of sheep acclimated to 18  while acclimation to 0° C increased
resting heat production by 18.4%, despite food intake being held constant for all temperature \v

treatments.

Mount (1979) defines the zone of thermal neutrality as "the range of environmental

temperatures in which the animal's metabolic rate is at 3 minimum, constant and independent
of the environmental temperature”. Another more specific term relating to the influence of

temperature on metabolism is the zone of least thermoregulatory effort, which is defined as

the range of environmental temperatures for a given level of feeding, in which thc metabolic
rate of an individual resting animal is at a minimum and evaporative heat loss is not inc\reased
as the result of sweating or increased respiratory ventilation (C-D in Figure V.1) (Mount
1974).

. The zone of least thermoregulatory effort is bordered by two poinis_ the lower critical
temperature (L.C.T.) and the upper critical temperature (U.C.T.). At environmental
temperatures below the L.C.T., an animal must increase its rate of heat productioﬁ roughly in
pro';)ortion to the fall in effective ¥nvironmental temperature ;o maintain body temperature
(Curtis 1981; Mount 1979). The rate of increase in heat production depends on the species,
age, effective thermal insulation -and adaptation history of the animal and enviromental
factors (Mount 1979). The L.C.T. is different for different airlimals and depends on three
things: the animal's body-core temperature, its heat production’rate at thermoneutrality, and
its maximal therma! insulation (Curtis 1981).‘ Thermal insulation is de;?:rmined ‘by the

integrity of the boundary layer, cover type and depth, subcutaneous_ fat thickness, eft_'ective

!

-
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surface area, and state of vasoconstriction or vasodilation of peripheral vessels (Curtis 1981;
Blaxter 1977). |

As environmental temperatures increase above the U.C.T., animals increase their rate
of heat loss above- basal levels to avoid hyperthermia. Evaporative cooling from the
respirato;/ tract (panting) is a major factor i(n facilitating heat loss from adult sheep
(Brockway et al. 4965; Hofmeyr et al. 1969). Animals on a high p!ane of nutrition'have lower
U.C.T.'s than animals on lower planes. Pregnancy, lactation, z;nd exercise also lower the
U.C.T. (Mount 1979). Summer acclimatization tesults in downward shifts in the U.C.T. in
dogs (Sugano 1981), sheep (Bers#n 1976), and penguins (Barre 1984). )

If changes in resting heat prbduction due to thermal acclimation are not accompanied
by changes in other factors such as changes in thermal insulation, then an animal's U.C.T.
and L.C.T. should change with thermal acclimation. Many animals increase their pelage in the
cold and increase their ‘metabolic heat production to meet the-thermal demands of their
environment (Sugano 1981). Nevertheless, acclimatization to winter has bqen shown to alter
the L.C.T. in dogs (Sugano 1981)\, hamgters (Heldmaier et al. 1981), voles /Rosenmann et al.
1974), and penguins (Barre 1984). In all of these studies, food was offered ad libitum or
intake increaseci with cold ex;;osurc or external insulation increased. Changes occurring in feed
intake, external insulation, and b(;dy size will confound the effect of thermal exposure on an
animal's L.C.T.. o

Theﬁ L.C.T. is estimated as the intersection of extrapolations of the slopes of
increasing heat production of animals exposed to cold temperatures below their L.C.T. and of
the constant heat production of thermél neutrality (Mount 1979)._, This method oof estimation
has been used by Erikson et al. (1956) and Sato et al. (1985). Similarly, the U.C.T. can be
estimated by the intersection of the slope associated with increasiﬁgmx.'.espiration rate with
increases in heat exposure, with thé n;ean or basal respiration rate assod;ted with a thermal
neutral temperature zone. J

A study was conducted to determine the effect of merm;i acclimation on :(1) the zone
of least thqrmoregulatory‘ effort in mature sheep and (2) the -animal's U.C.T. apd L.C.T.: '
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B. Material and Methods

Design

’

The experiment was conducted as a replicated 3x3 latin square with three thermal

.
.acclimation treatments (", 18" and 36" C with two sheep per treatment. Treatment periods were
42 d. No two sheep were exposed to the three temperature treatments in the same order, so as

to eliminate any influence of previous environment.

Animals g

This study used six mature, non pregnant Suffolk crossbred ewes with an initial body
weight of 49.3+4.8 kg (mean + SEM). The ewes were maintained in indiyidual metabolism
crates (0.61 mx'1.52 m) in controlied-temperature réoms undet” constant lighting. The animals
were fed 1100 g of pelleted alfalfa hay once daily (1430-1500 h); water and cobalt-iodized salt
were available free choice. To minimize and standardize external insulation, the sheep were
shorn to a fleece depth of .5 to .75 cm at the beginning of every second wet;k during, ‘ghe
study.

-~

Measurements

Body weight was recorded weekly except when animals were on a digestibility study.
Metabolism measurements were made on days 39 to 41 of each treatment period using a

\

water-immersion system as described by Young et al.(1988). This system provides a stable
thermal environment that can be altered duickly and accurately.

Metabblism was measured by indirect calorimetry with the ewe stabilized in 38+£0.2° C
water (mean1SEM). Water temperature was increased in 1° C increments to 40° C, then it

.

was increased in 0.5° C increments. The animal was maintained at each water temperature for
15 minutes. The trial was stopped when the animal's respiration rate reached 150 breaths per

minute. The rate of 150 breaths per minute is approximately half the maximum respir'ation

rate for panting sheep (Alexander, 1974). The water temperature was then reduced to 38° C
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and the animal was held at this water temperature until a stable respiration rate and metabolic

rate were obtained. The water temperature was lowered in increments of 1° C until 35" C was

reached. After this it was Igwered in 0.5 C increments until the oxygen consumption level Was

P

. at least twice the level recorded in 38" C water.

PR E

4 mf?’

o
Water and rectal temperatures were monitored continuously with thermocouples. The

water temperature thermojunction was made of 40 s.w.g. Cu/Con wires, and the end was |
placed in the return flow from the circulating water purnp. The thermocouple for rectal
temperature was sheathed in a flexible plastic tube and inserted 10 cm into the rectum. All
temperatures were measured using ‘lhe same instrument (Bailicy BATS, Sadclle Brook, N.J.),
which was calibrated during each period. During experiments & spot check on the calibration
was made against a Hg-in-glass thermometer to +.05 C

B Metabolic rate (M) was measured using an open circuit procedure employing a mask
over the animal's muzzle. The animals were accustomed to the mask and other measurement
procedures before this trial began. Ventilation rate of the mask was read from a flowmeter
(Rotameter, Fischer and Porter, Warmlnsler. Pa.); the oxygen concentration difference
between incoming and outgoing a_ir; from a paramagnetic analyzer (Taylor Servomex 0A184,
Sussex England). The calorimeteric $ystem was calibrated using the procedures of Young et al.
(1984), and M was calculated using the equation of McLean (1972).

Respuatory frequency was determined from pressure changes in a pneumograph that

was fixed on the left flank of the animal after it was strapped into the frame and before it

“was placed in the waterbath. Gain control on the physiological recorder (Carolina:

Instruments) was adjusted until a satisfactory tracing of respiration rate was obtained.

Animal weights were fecorded'us_ing a balance (Berkel Produ'c\ts Co. Ltd Toronto,

Ont.). Animals were weighed to within 0.5 kg in the morning between 0830 - 1900§
" On days. 28-33 of each period, screens were installed in each metabolism ciate to allow
for separation of urine and feces The feces from each ammal were dried at 60' C in a forced

&

air oven for 24 h and used to asnmate dry matter dlsestxbﬂity
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Calcnlqﬁions and Statistical Procedures .

\

The data for each animal included respiration rate and rate of megabolic heat
production for all the different water bath temperatures. The U.C.T. was estimatgd by tﬁe
linear Tegression of respiration rate on water bath temperature. The regression used the three
highest respiration rate water temperature points which always occurred at water temperatures
above 40" C. The point of intersection between the regression and the mean respifﬁtion rate
when water temperature was less than 40" C was used io estimate the U.C.T..

A similar method wa; used to calculate the L.C.'f‘. based on heat production (W/kg)
and water bath temperature. Since baseline regressions of heat production on water
temperature resulted in no or low significance, mean heat production values were used for
water temperatures greater than 37° C. The three highest heat production rates and
corresponding water bath temperature points were used to generate a linear regression. The
intersection of the linear regressiog with the mean heat production values at water bath
temperatures above 37 C was used to calculate the L.C.T. The method described for
measurement of U.C.T. and L.C.T. is similar to that used by Erikson et al. (1956), f(;r .
studies on humans and by Sato et al. (1985), also f of humans.

Treatment means were analyzed using least-squares analysis of variance and, where

significant differences existed, * means were compared using the

‘Studém-Newman-Keuls-Mulfiple Range test (Steele and Torrie 1980).

C. Results
One animal became sick while in the 0° C environment during period two and had to

be removed. It.recovered and was returned to the 0" C for period 3. The critical temperatures

reported have been adjusted accordingly. .

The Effect of Thermal Acclimation on the U.C.T. and L.C.T.
Table V.1 shows the effect of thermal acclimation on U.C.T. and L.C.T., For
animals acclimateé to 05, 18 and 36° C, U.C.T.s were 41.1, 414 and 40.810.1° C.(meant
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SEM) respectively. Mean L.C.T.s were 35.3°, 34.7 and 33.810.5 C reSpectivel);, {mean t
SEM). "

The Effect of Thermal Acclimation on Rectal Temperatures at the U.C.T. and L.C.T.
Table V.1 gives the average rectal temperature at L.C.T. and: U.C.T. while in water
for each acclimation temperature. The-average rectal temperature at the L.C.T. was lowest for
' ~

the 36" C acclimation temperature and highest for the 0° C acclimation temperatyre. The same

was true for the U.C.T.. The difference between the rectal temperatures at the I C'Ig’ﬁnd

U.C.T. are the same for the 0" C and 36" C acclimation temperatures, with both greate

the 18" C acclimation temperature.

The Effect of ;l‘hermai Acclimation on the Range of the Zone of Least Thernturegulatory
Effort |

The zone of least fhermoregulaiory effort or the difference between the L.C.T. and
U.C.T., for the 07, 18 and 36’ C acclimated animals was 5.8, 6.7 " and 7.2i,0.5‘ C
respectively (differegce between means*SEM). The range  in “the zone of least
thermoregulatory effort apparently widened as acclimation temperature increased.
-The Effect of Theemal Acclimation on Rectal Temperature

Initial rectal temperatﬁres, measured during the first S minutes in 38" C water, for.
animals f;'()m the 0%, 18° arjxd 36" C environments averaged 38.9, 39.1" and 39.61£0.2° C
(mean +SEM). It appears that the animals were ellewing tl_leir‘body temperature to fluctuate
with acclimation temperature, ‘and thus conserving energy that would be expended on ‘
mechamsms of heat loss or heat producuon

» - o . .

The Effect of Thermal Acclimation on Tissue Insulatjon

The tissue msulatxon values were calculated for 17 complete tests acoording to the
method described by Webster (1974) where

Ao T : . ; PR S
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(rectain)

[emperature / heat loss.

(skin)

Insulation lemperature
(tissuc)
with tectal temperature and skin temperature measured i Coand with heat loss measured in

W/mp_ Therclfore, tissue hsnlation hds units of ‘(‘111)/W_ Skin temperature and  water
temperature were assumed to be the same
\

Heat loss was estimated from heat production with a cerrection factor for change in
bodyv  hcai \l(.)mgc Fluctuations 1n rectal temperature during the measurement of  heat
producnion, result n changes lo‘\‘ heat storage. Changes i body heat storage result
because ~

Heat loss  Heat production t Storege, as a result of thas?
i T | decreases, Storage + Heat production= Heal loss.

recla

if deal increases, Heat production- Storage = Heat loss.

. : 2
Heat loss was corrected for the evaporative component which was 7.5 W/m"™.

Change in heat storage was calculated using the equation:
Storage = (1 rcclal“a“— 'I‘rcclalend) x specific heat of the animal x weight x time x 1.163 /

surface area.

Rectal temperature was measured in "C, specific heat measured in kcal/l;g, time in

.

hours and surface area in mzi The épcciﬁc heat constant used was 0.83 and the /163 factor is
used to“change kcal/h to W. Heat loss was estimated using calculated changes in body heat
sioragc and heat production. Tissue insulation values were then calculated.

Anélysis of vaniance showed thermal acclimation td significantly (P<0.05) affect
tissue insulation, with the 36" C acclimation temperature beipg significantly greateir than the
18° C or 0" C. The greater tissué insulation after acclimation to 36" C was .076 1 .006 compared

10 .049% .00S and .0441 .005 °C m2/W (mean+SEM) for 18 C and 0" C respectively (Table

aV.2). ; .
[
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The Effect of Thermal Acclimation on Body W&ight and Dry Matter Digestibility

Table V.3\ilhm7ralcs the effect of thermal environment on body weight. Th; average
weight loss over each 42-d period at 0" and 18" C was 6.3+ 1.6 and 2.8 1.6 kg. The average
mcrease at 36" Cis 0.311.9 kg (meant SEM). A

The drv matter digestibility was highest for animals in 36" C and lowest for animals in

0 C.

‘D. Discussion

Figure V.1 shows the classic model of heat production on hecat loss versus
environmental temperature (Monteith and Mount 1974). The increase in heat production
associated with the decrease in effective ambient temperature and the increase in ¢vaporative
'heal loss associated with increasing ambient temperature in which the animal’s metabolic rate
is al a minimum, constant and independent of the cnviro‘nmcntal temperature is cllssically
known as the zone of least thermoregulatory effect (C-D).

Thermal acclimation results in change to restin metabolic rates (chapter II, chapter
I11). Variation in the rate of minimal metabolism, C-E, would move C relative to the
temperature scale and thus change the L.C.T. (Fig V.1}. This type of adap}ation is seen in
cats (Hensel 1981) and dogs (Sugang 1981). In both cases changes in resting heat productfon
were accompanied by changes in insula:ion. The change in metabolic intensity was‘couplcd
with the changes in insulation, with both exerting inffuence on the animal's critical
tem‘perature.

Depocas et al. (1957) showed that the effect of -thermal acclimation 10 30°C and 6’ C
on thc“resting metabolism of rats. The interesting pognt shown here is that the L.C.T. value
for each group of rats appt;,ars to be equal. An increase in heat production was seen at
approximately 20° C and the two heat production curves appear parallel. This indicates equal

insulation between the two groups. This is evidence of thermal acclimation changing resting

heat production without changing the critical temperature._of the animal.
‘ N

ar
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I'he resudts of the current experiment seem contradictory to the classic theory of the
influence of ambient temperature on metabolism. If resting heat production is shifted by
thermal acclimation, then z‘u‘cording to theory (Curtis 1981; Ydung 1983; Mount+4979), the
cntical  temperature of the animal sh£)111(1 shift accordingly. Changes in the crili‘cal
temperatures did not occur in the current experiment. It was thought that thermal acclimation
of the sheep to 36" C would result in a raising of the U.C.T. similar to that described by
Sugano (19%1) for dogs and Barre (1984) for penguins, and that acclimation to 07 C would
tower the U.C.T. relative to 18 C. The ©.C.T. was highest for the acclimation temperature
of 18 C. Acclimatidn o 36° C resulied in the lowest U.C.T. and the U.C.T. after acclimation
1o 0" C was between the other two temperatures (Table V.1). The reasons for the lowering of
the U.C.T. with acclimation to 36" C are unclear and an explanation is not readily ava'ilable.

Acclimation to a cold environment should lower the I..C.T. while acclimatiag i0-a hot
environment should raise the U.C.T. (Hensel 1981; Young 1983; Curtis 1981). The L.C.T.
was lowest for the 36" C acclimation temperature and highest for the 0° C acclimation

temperature. Initially the results appear to contradict the theory of a shift in the U.C.T. or

1..C.T. associated with changes in resting metabolism.

Non—evapo,rative heat loss is predominant in the homez)lherm ‘in a cold environment
and thermal insulatioﬁ impedes heat flow (Moum 1979). Therefore any changes in insulation
will have a dramatic effect on rate of he;al loss. An animal's thiermal insulation consists of
two components in series; the tissue inAsulal_ion deep o thve skin surface and the external
insulation superficial to the skin (Mount 1979). The ewes in this experiment were closely
shorn to remove any differences in extern'al insulation. However if tissue insulation changed,
heat loss would be alfered and metabolism measurements to determine the influence of
thermal enviroment oh an animal would be affected. *

Vasoconstriction or vasodilatation of peripheral blood vessels is important in
determining a tissue's insulation. Blaxter (1977) reported tissue thermal insulation values for

Down Sheep of .08 and .03 °C m2/W under vasoconstriction and vasodilatation respectively.

Sykes and Slee (1968) showed that cold acclimation lowers the critical temperature of

L}
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Blackface sheep and Slee (1973) concluded that the presence of vasoconstriction which occurs
gear the critical temperature and affects cold-induced inhibition of thermal panting were
inter-connected. The perception of a cold stimulus by the nervous system may be aecgssary
for the occurrence of both vasoconstriction and the block of panting (Slee 1.973).

The tissue 'ri'nsublation values seen in Tablg V.2 may explain how the 36" C acclimated
animal cou‘ld have a lower L.C.T. This acclimation temperature results in a decreased heat
flow from the animal to the water. A:1 increase in tissue insulation should be accomganicd by

’ ~
a change in the slope of the heat production versus ambient temperature line (C-B, Fig V.1).

. v
Although lh’g pcal’ production versus ambiem}lemperalure slope is not as precise as the tissue
insulation vaiues, as there is no correction for evap‘>orative heat loss or change in body heat
storage, a trend appears in the .data with the slope being lowest for the 36" C acclimation
temperature. This change in the slope helps to confirm the ch?fxge in tissue insulation. This
state of vasodilatation does not agree with the findings of Blaxter (1964) who(stalcd that oncc'
an animal is below its critical temperature, tissue insulation is virtully constant.

Water femperatures necessary to elicit an increase in resting heat production ranged

from 36 to 32" C. The similar tiséue insulation values for the 18" and 0" C temperatures implies

\ that these animals were in the same state of vasoconstriction or vng%ilalion. Their skin
)

temperature is fixed by the water bath (as described by Jessen et al. 1986) probably at a
temperature above what it would be in their acclimatioﬁ chvironmem. This could result in
these animals being in a state of vasodilatation while undergoing a cold stress which would
explain their lower tissue insulation values. The< anir_nals from\ the 36° C acclimation
temperature have their skin temperature clamped at temperatures w ich are likely beléw_what
they would be in the acclimation environment. The heat stress of the 36" C acclimation
texﬁpcrature would result in an increase in cardiac output péssing through peripheral
ateriovenous anastomoses -(Halw,' 1973) which results in a state of vawdiﬁtion. When
exposed to water in the 32-36° C range, these animals will likely vasoconstrict ‘with the
changes in tissue insulation gocc;mpanying. This increase in tissue insulation as a consequence

" of vasoconstriction will result-in the lowering of the L.C.T..

-
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The heat flow between the animal and the water in the bath decreased, not due to
changes in resting mm;bolis/m per se but rather because of differences in states of peripheral
vasoconstriction or vasodilatation. The change in vasoconstriction or vasodi'lralion resulted in
different tissue insulation values which inf'luc.nced the 1..C.T. measurements. The chang:in
insulation may have occured because of the water bath procedure. In the water bath, skin
temperature is fixed by the water temperature, but in a normal air environment, skin
temperature  differs greatly over the body (Mclean et al. 1974). The fixing of skin
temperature in a water bath results in certain physiological responses. The nommal integration
by the central nervous system of the afferent impulses from thermal receptors must be
considerably {nlcrfcrred with in a bath experiment (Burton and Edholm 1955). This
interference resulted in the changes in tissue insulation seen in the L.C.T. and may be
involved in the contradictions seen in the U:C.T..

The biological significance of .lgc apparent increase in the width of the zone of least
thermoregulatory effort as acclimation temperature increases is unknown. It is likel.y dge to
the technjqudes of measurement \sed in this expérimem.
| The increase in rectal temperature associated with increasing acclimation temperature
is in agreement with the results of Montsma et al. (1985). By allowing- their body temperatuly
to fluctuate in response to the thermal environments the animals may be conserving energy
.that would be expended in increasing the rate of heat los$ or heat production (MclLean 1983a;
b).

Degen and Young (1980 and 1981) have reported the effect of cold expogure and feed
intake on liveweight and \ody fluid compartments in sheep. They reported that of the total
weight lost during a 10 day exposure to 0" C, 66% was due to loss of body water which came
entirely from extracellutar compartments. Morris et al. (1962) reported similar body fluid
shifts in poorly and well nourished sheep during cold exposure. In cold exposure,’
vasoconstriciton and consequently the reduced vascular volume was prt\l;ily invglved in the

loss of plasma value, which is supported by an increased hematocrit (chapter II, Table II.2).

Although the 0" and 18" C acclimation temperatures resulted in decreases in liveweight over the
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42 day period, a large component of tRjs weight loss, especially in the 0" C temperature, was
probably body water and not body solids. One could however expect the 0° C acclimated
animal to lose weight because of the fixed food intake coupled with the animal's increased
resting metabolic rate (chapter 1I). v

Kennedy et al. (1986) reported on the relationship between the effect of cold exposure
on digestion of roughage based diets by shorn and unshorn sheep. The results of (Kennedy et
al. 1986) indicated a pronounced influence of temperature on digestion in the shorn sheep
indicating that the response is related to the degree of thermal stress imposes upon the animal.
There was a steady decline in digestibility as environmental temperature decreased over the
range of 35 to -10" C. The dry matter digestibilities of the pelleted alfalfa hay follow the
trends shevn by Kennedy et al (1986). )

: The average rectal temperature of the three acclimation femperatures at the L.C.T. is
seen in Table V.1. The reltal tgmperaturé for the 36" C acclimation group was lower than the
other two acclimation temperatures which were equal. This lower rectal temperature may
indicate that the animals were cold, and thus they would have vasoconstricted which resulted
in the observed ¢hinges in tissue insulation. The 0" C and 18 C‘.acclimation groups were not
yet as cold so they could differ in their state of vaso-constrictic;n or dilatioq. The average
rectal temperatures for the three acclimation temperatures at the U.C.T. is the same for the
36" C and 18" C gfoups while it is highest for the 0" C acclimated animals. The ‘incr;:ase in
rectal temperature in the 0° C acclimated animals before panting is achieved Is similar to the
findings of Bligh (1963) and Slee (1974.). The lower initial rectal temperature of the 0° C
acclimation temperature may have indicated a heat debt which should be regaid before the
panting respon‘se (Table V.1). Acclimation to 36" C may result in a heat load, which was seen
as an ‘increased rectal temperature, then this acclimation group should have the lowest rectal
temperature at its U.C.T. While this was the case, the 18° C acclimation temperature had the -
same rectal temperature at the U.C.T. While the heat debt and load may explain the 0" C

acclimation temperature, the same result for the 18° and 0° C acclimation temperature was

)
unclear and an explanation is not readily available.
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The change in the zone of least thermoregulatory effort as a result of thermal
acclimation has been described. The original premise and assumptions upon which the
hypothesis of the study was based and the estimation of U.C.T. and L.C.T. associated with
changes in resting metabolism had to be reevaluated after examination of the data. The
technique used in this experiment apparently had a major influence on the final results. While
mcasurerﬁcnts of the 1..C.T. may have been compromised b); using the water bath system,
changes in tissue insulation can be measured with precision as skin temperature is clamped at
a known value. The L.C.T. data reveals the importance of understanding the biology of
thermal regulation. The core receptors have played a major role ih determining the final
results. Also the possible changes in heat debt or load must be considered in l.he U.C.T. data.

5
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Table V.1 The effect of prolonged thermal exposure ("C) on the upper critical temperature
(U.C.T.) (°C). the rectal temperature at the U.C.T. (°C), on the lower critical temperature
(L..C.T.) (CC). the rectal temperature at the L.C.T. ("C), the width of the zone of least

thermoregulatory effort (Z.L.T.E.) (°C) and the rectal temperature (C) of mature sheep at

rest
Acclimation Temperature

0(6)1 o8O 36(5)1
UCTs /\431 +012  414+01° 408 + 0.1
T. rect. U.C.T.* af + 0.2 40.6 + 0.1° 20.6 + 0.1°
" LCT* #3105 34.7 1 0.52P 338 +0.5°
T. rect. L.C.T.* 389 + 0.12 388 + 0.12 382 + 0.2°
ZLT.E."* | 5.8 + 0.5° 6.7 + 0.5 7.2 + 0.5°
Rectal temperature® 389 + 0.2 391 + 0.2 396 + 0.2

\

*Values are means + SEM.
**Values are mean differences + SE of the difference.
Tlndicatés number ¢f animals per mean value.

a-C Row means followed by different letters are significantlyﬁ different (P<0.05).
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Table V.2 The effect of thermal acclimation ("C) on tissue insulation ('sz/W) and on the

slopes of heat production [h.p.] vs ambient temperature (Wxkg’ '75)/‘C in mature sheep

> Acclimation Temperature
| 0(6) 18 (6) 36 (5)
Tissue Insulation 044 + 005 049 + .005° 076 ¢ .006°
h.p. slope 1.07 1 .20 1.05 £ .20 44+ 23

Values are means + SEM.

a.b Row means followed by different letters are significantly different (P<0.05).
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Table V.3 The effect of thermal acclimation ("C) on dry matter digestibility (%) and body

weight loss (kg) over a 42 day period

Acclimation Temperature

Al

0(6)t 186t 36 (5)1
. - a ab b

Dry matter digestibility 513+ 04 543 + 0.5 576 t 2.2
Weight change 6.3+ 1.6% 28+ 1.6° 4119°

Values are means = SEM.
tIndicates number of animals per mean value.

a’bMeans followed by different letters are significantly different (P<0.05).
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V1. CONCLUSIONS
Four experiments have been conducted on mature sheep in order to clucidate the
effect of thermal environment on metabolism. In all experiments, the shecp underwent a

process of acclimatibh and no! acclimatization, with thermal cnvironment the treatment

applied. 2

The work of Rosenmann and Morrison (1974) and Pasquis et al. (b?()) with small
mammals, indicates a connection between resting metabolism and cold induced summit
metabolism where increases in resting metabolism due to cold acclimation were associated with
brown adipose uissue. This increase in nonshivering thermogenesis is additive to shivering

3 . .
thermogenesis and is part of the increase in summit metabolism due l'LO}d ac}h‘matinn.
Most. if not all reports on cold acclimation or acclimatization in small rodents describe
changes in insulation, food intake and body size. This tends to make interpretations of the

basic physiological mechanisms causing the changes in metabolism due to thermal acclimation
N
much more difficult 1o elucidate. / ®
i

Adult ruminants do not contain brown adipose tissuc (Sasaki and Weekes 1986). The

‘

nonshivering metabolism component of resting metabolism in mature ruminants apparently
A\

differs from that in a small mammal. The nonshivering metabolism component is not

noradrenaline $ensitive in the adult ruminamt. Certain endocrine changes occur with
L 4

acclimation which enhance or reduce metabolism through various physiological avenues..Cold

exposure increases plasma concentations of triiodothyronine, thyroxine, free fatty acids and

glucose which is associated with incteased or mor¢ intense metabolisﬁi. Conversely, -heat

exposure results in decreases in triiodothyronine, thyroxiné, free fam} acids and glucose. An
elevated resting metabolism has been .reported after cold exposure and a decrcase after

exposure to heat. With most of the small mammal work, food intake and’ insulsfion usually

.

chang'ed‘. Mos‘t work 'with mature sheep is also éonfounded by differences in food intake and
sometimes Ehanges inlcxternal insulation.

In the _fim_,'\;:ipcximent of this thesis, the effects of thermal eWﬁt on whole
animal mem% production waé,s_tudied. The constant level of feed intake forced the

~ S s
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ammals o mobilize body energy reserves but removed any critisisms that differences in feed
intakes could be responsible for changes in metabolism. Fxiernal insulation was removed
regularly throughout the trial. The experiment showed significant (P<0.05) differences in
resting metabolism across all three acclimation temperatures which clearly indicates that the
animals‘_..havc undergone thermal acclimation. There was also a significant ‘(P<0.05)
difference in summit metabolism between the 36" C and 0" C acclimation temperature
treatments.  Various endocrine concentrations were measured and they changed with
acdlimation temperature. These endocrine changes agree with 6lher reported data in the
literature concerning chronic heat and cold exposure. Cold acclimation generally results in an
increase in hormone and substrate concentrations, which may be important in the elevation of
resting and summit metabolism. Acclimation to 36" C resulted in a reduction in sut;slralc and
hormone concentrations whic; correspondingly reduced resting and summit metabolism. \
Once acclimation was described, it became necessary to identify the possible causes.
The increase and decrease in resting metabolism a§6ciated with thermal a%clifhalion 1s d;e to
a combination of factors. One of these is the activity of Na+/ Kt ATPase which is known
to be influenced by the thyroid siatus of the animal. Thyroid status of the animals changes
with thermal acclimation; it is ihcrgased by cold c\kposure and decreased by heat exposure. A )
trial was conducted to see if the in vitro metabolism of the externa! intercostal (E.I.C.)
muscle from sheep followed the same trends as the whole animal metabolism and to see the
.
influence of Nat/ K+ ATPase on resting heai production. Ouabain, a specific inhibitor of

Nat/K*t ATPase, was used to measure Na‘t, K* energy expenditure. The total E.I.C.

"muscle O2 uptake paralleled the whole animal metabolism. Contrary to other reports, most of

~

the change was in the ouabain insensitive fraction of muscle }netabolism. The percent of
muscle metabolism inhibited by ouabain remained constant (19%). Although the amount of
stressor from 18° to 36% C and from 18 to 0" C is equal in magnitude, the change in E.I.C.
- muscle metabolism was larger for the 36" C acclimation (43%) than for the 0" C acclimation
(33%). It can be concluded that some of the difference in resting metabolism due to thermal

acclimation'is a result of changes in Nat/K* ATPase energy expenditure.
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Small changes in body‘ weight associated with constant levels of external insulation
should result in shifts in an animal's upper critical temperature (U.C.T.) and lower critical
temperature (1..C.T.) when it has undergone thermal acclimation. The water immersion
system used for measuring resting and summit metabolism measurements was used to apply
acute cold and heat stress in the animals after a period of thermal a;climalion. Changes in
heat production and respiration rate associated with bath temhperature were used (o estimate
the U.C.T. and L.C.T. The initial results for U.C.T. and L.C.T. were confusing. The U.C.T.
was highest for animals from the 18" C acclimation temperature and lowest for the 36" C
acclimation temperature. The reason for this was not apparent, but the 0° C acclimation
temperature animals may involve a thermal buffering similar to that described by Slee (1973).
The L.C.T. results were unclear also. The animals acclimated to 36" C had the lowest L.C.T.
relative to 18° C or 0" C. The reasons for this became app;;renl after tissue insulation values
were calcul?ed for all the animals in each acclimation temperature. Once this was done it
became obvious that the result was due to differences in the state of vasoconstriction or
dilation. The animals acclimated to 0" or 18° C have a skin temperature below the waterbath
temperatures needed to achieve the increase in heat production associated with the L.C.T.
These animals were in a state of vasodilatation which is seen as their lower insulation values.

The animals acclimated to 36 C, have a warmer skin temperature and therefore they

-vasoconstrict at the bath iemperatures used to reach their L.C.T. The b‘iolog){ of

thermoregulation is important in this experiment. The input ffom peripheral and. core
rcceptor; i$ being artifically controlled” by immersing the animal and clamping skin
temperature. , 1

The water immersion systém allows a researcher to measure resting metabolism while
the animal is bouyed up by water. Another method of measuring resting metabolism is by
enclosi* the standing- animais head in a hood and measuring oxygen c;(;nsumptiqn. Ths
animals are in the same posture or postion, with the only differenqe bcing.that one is sianding

and the othér bouyed. This difference allows one to cilculat: an energy cost for the standing

- posture. ‘lieéting*metabolism was calculated using the two methods on one'grodp of sheep and

3

T
.
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the results compared. The water bath measurementq werce significantly lower (P<.05) than

the head hood measurcments. Also a lower level of\variatipn was encountered with the
waterbath measurements. This may explain some of thf differences between summit

metabolism measurements made by Bennett (1972) and jhose obtained by the water bath
]

procedure in the present studies. N

The studies made indicate that there is therfnallv induced metabolic acclimation in

adult sheep which is reflected in the whole animal an’{ in non shivering muscle tissue. These
thermally induced metabolic changes could be important tp the well being of ruminants in cold

climates and in determining their dietary energy require
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APPENDIX

In order to allow the reader an opportunity for further data manipulation, all the raw
data used to generate the resupts dsed in this thesis are in the following appendix. To simplify

matiers, data matrices were pulled out of individual computer files and these were then strung

together. The appendixgbegins with the data of chapter 1l and then chapters III, IV and V --

follow. . ‘ .

' \
N Each matrix consists of several rows of numbers, with each row of numbers defined

below the 'matrix. In all cases, the temperature treatment numbers are in ‘C. In chapter IV,
the muscle.b?(rpsy oxygen uptake units are ul 02/h per mg DM. The whole animal‘oxygen

uptake results are reported in units of ml 02/h per kg. The results for U.C.T., L.C.T., rectal
‘o, ) i '
- temperature at_the U.C.T., rectal temperature at the L.C.T. and rectal temperature during

initial ‘immersion _in the water bath are all in units of "C. Finally the results for tissue

*

insulation in che{pter V are in units of cﬁz/yv It is not possible to generate the above

~

symbpls for the units when the data is preSented in the fashion used in'this appendix.

L d
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II. The effect of thermal environment on plasma
glucose concentration.

69.
51
51

79.
59.
65.
79.
55.
53.
60.
48.
52.
79.
42
36

NONEDBDWWWRNNN = -
WN =« WN a2 WN=WLON = WN) —

-rows are animal#,

concentration (mg/100ml)

01

.92
.76
77

16
69
77
54
93
86
56
12
87

.67
.23

temperature treatments (1 0C,
2=18 ¢ and 3=36 ¢} and plasma glucose

I1. The effect of thermal environmént on the ratio
of summit/resting metabolism, summit metabolism
and resting metabolism in mature sheep.

VOB DB BWWWNIRIN -
WA= WN = WA = WN = WN =
- AW NI G = W) D — NI A —
WHEPTODANNIO N BT S D

treatment (1236 C,

(kag 0. 75). resting metabolism (kag 0. 75)

.95
.67
.70
.22
.40
.87
.22
.67
.89
.24

.29’

.33
.10
.34

13.
22.
20.
19.
25.
25.
17.
26.
20.
16.
23.
18.
18.
21.

.52 16.

-rows are animal#, experimental period, t
.2=0 C and 3=18 C), ratioc
metabolism to resting metabolism, summit metabolism

60 2.74
40 4.80

86 3.66

22 3.09
21 5.72 .
81 3.76 .
42 3.34
49 3.97 -

73 3.52

19 3.09

90 3.80

85 3.69

14 4.45

85 4.79

o

rature

of sumpit,

4

“77



II. The effect of thermal exposure on resting .
metabolism, summit metabolism, body weight, rectal
temperature at resting metabolism, rectal
temperature at summit metabolism and the time
required to reach metabolism. ’

1 1360.25 315.70 52.5 39.8 36.4 245
1 22 55.35 351.04 49.5 38.4 35.7 150
13 170.32 442.56 49.0 39.0 36.9 170 .
2 1 1 98.63 434.34 44.5 38.9 36.7 235
2 2 3 59.43 369.46 51.5 39.4 36.9 177
2 3 2 68.55 470.66 48.0 38.9 37.5 197
3 1364.18 334.86 51,5 39.3 36.5 145
32 166.06 441.00 42.5 38.3 36.6 185
3 32 62.68 369.16 46.5 38.7 37.3 145
4 1 372.03 367.63 52.5 39.4 37.2 175
4 2 1 73.94 394.62 49.5 39.0 38.0 265
4 3 2 97.32 342.61 55.5 39.2 36.7 192
51 184.74 395.74 46.0 38.8 36.0 185
52 2 67.73 386.31 49.0 39.0 35.0 140
5 3°3 50.06 247.92 48.0 39.7 36.2 88

-rows are animal#, experiment period, temperature
treatment(1=0 C;, 2=18 C and 3=36 C), resting
metabolism (W), summit metabolism (W), body

weight after 24-26 days of thermal exposure (Kg),
rectal temperature at resting metabolism ( C),
rectal temperature at summit.metabolism { C) and
the time required to reach summit metabolism (min).
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IIT The effect of thermal environment on plasma
triiodothyronine concentrations.

1 71.18 81.63 175.17
2 95.45 103.00 187.56"
3 79.03 117.94 145.51
4 63.81 87.40 128.76
5 116.33 70.07 192.66

-rows are animal#, plasma triiodothyronine
(nmo1/1) concentrations at 36, 18 and 0 C.

v
L4

II. The efféct of thermal environment on plasma
thyroxine concentrations.

7.58 7.92 12.63
10.28 8.34 12.54 _ \
7.92 9.33 11.89
8.02 8.81 12.75
9.56 10.55 11.81

NBWN —

-rows are animal# and plasma thyroxine concentrations
(nmol/1) at 36 , 18 and 0 C. _

. . :
I1. The effect of thermal environment on plasma
free fatty acids.

11 .4506~

19 10422

1 3 .0000

23 .0199 -

2 2 .1936

21 12860

3.2 0415

31 .3380

3 3..0000 -

41 .4318 .
43 .0007
NIt 2T T ,

5 3 .0439 '

51 .5125 : : ‘
52 .0128 ; : S

-rows are animal#, temperature treatment.(1z 0,
2= 18'and 3=36-C) and plasma free fatty acid
concentrations. ) _ ;

* b Y
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IIT. The effect of thermal environment on resting
metabolism in air or water.

11407 3.66 49.0
2 14,67 3.76 41.0
324.49 3.96 45.5
4 2 5.87 3.97 40.0
5 3 3.80 3.09 51.0
6 3 4.22 3.19 51.0

-characters are animal#, temperature treatnients
(1=18 C, 2=0 C and 3=36 C), resting metabolism

in air (Wxkg-0.75), resting metabolism (Wxkg-0.75)
in water, and body weight ?Kg)



IV. The effect of thermal environment on E.I.C.
muscle biopsy oxygen uptake and on Na/K dependent

oxygen uptake.

-

. . - . . . -
'mnmwwmmeQQQQmmmmwmmmmmbbbawwwwmwwmw-——d

L)

‘@

-rows are animal#,‘temperature treatment(iso C,

3
3
3
3
3
3
3
3
3
3
3.
3
3"
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
1
1
1
1
1
1
1
1
1!
1
1
1

—A.-L—A—A—-L—a—s—g—n—h

1

. 1344
. 8587
. 9986
. 1081
. 0547
.2424
.0737
. 1105
. 3355
. 1048
.0801
. 2531
. 1192
.9908
.9413

.7543 .
.8374

.7814
.5145

. 8773

.8225
. 7281
.6969
6814
. 7804
.9852
.0594
. 7430
.4075
.4361
+3409
.3401
. 4243
.5680
3960
29150

*5322.
.5635"

.5897 .
5486

"'2=18 C and 3=36 C),

inhibitiqn

.2725 .8619
1616 .6971
1716 .8270
.2176  .8905
.2008 .8539
.2495 .9929
.1598 .9139
13197 .7908
.2356 1.0999
.2224 .8824
.1429 9372
.2811 (9720
1931 ..9261
.2520 .7388
12551 .6862

1451 6092
.1805 .65469
.1645 6169
.1255 3890
1632 .9141
.1644 6581
.1780 *.5501
.1682 .5287
,1268 .5546
.1609 .6195
.1330  .8522
.2572 .8022
.0783 .6647
.1050 .3025

1.0918  .3443
.0746 .2663
_.0535 .2868
".0471 .3772
.0631  .5049
.0423 .3537
'.071& 4440
.0906 . .4416
.0640 " .4995,
.1061 " .4836
L0965 . .4521:

total E.1.C. muscle biopsy
oxygen uptake, ouabain sensitive oxygen uptake,
ouabain insensitive oxygen uptake and percent

o

24,
18.
17.
19.
19.
20.
14.
28.
17.
20.
13.
22.
17.
25.
27.
19.
22.
.05
23.
18.
19.
24.
24.
18.
20.

21

13
24;
10°
25,

21,
.88
15.
11,

21

11

3
11
17
19.

A

02
82
18
64
04
08

88 -

79
64
13
23
43
25
43
10
23
75

82
60
99

45

13
61
62
50
28

54

77
05

67

10 -
11
0.

68

.79
7.
.36
.99

02

59

y 81
\

\"

~e

o, T



IV. The effect of thermal environment on plasma
triiodothyronine and thyroxine concentrations.

2.54 163.75
.72 172.30

.32 158.99

.29 57.87

.84 69.90

.40 87.02

.04 57.82

.42 60.66 o
22 :

o

1
1
1

84.68

WWWNNN = -
WONOODNDBWAN —
OO0~ —

-rows are temperature treatménts (1=0 C, 2=18 C
and 3z36 C), animal#, triiodothyronine concentration
(nmo1/1) and thyroxine concentration(nmol/1).%

B
IV. The effect of thermal environment on whole
animal oxygen uptake. ~

1 237.7 49,
1,244.2, 41.
2%57.1°45.
2 257.8 40.
3. 200.6 51.
3 207.1 51.

)

DO WN -
OCOOUMO O

-rows.aré animal#, temperature treatment (1=18 C,
2=0 C and 3=35 C), whole animal oxygen uptake,
and body weight (kg). \ \



V. The effect of thermal environment on tissue
insulation and on the slope ef the' increase in
heat production associated with decreases in
temperature.

1111 .057 .76

1132 .078 .53

1123 .040 1.14

1221 .082 .22

1232 .064 1.16 s
1213 .03 .72 :

1331 .076 .88 -

1312 .03 .95 e

1323 .03 1.22 )

243" .08 .08 oo

2.4 22 ,044 1.07 _ !

2413 .031 1.64 :

2511 .08 .75 . .
2532 .054 1.60 '
2523 .053 .81 P | |
2612 .031 - 00 ‘ _ PREY.
2 6 3 3%052 *.87 | | <~

-rows are block# animal#, period# and'témperdfure .
treatments(1=0 , 2=18 and .3=36 C),and tissue T
insulation and the slope of heat produdtion

*

V. The effect of thermal environment on the upper
critical temperature, the lower critical temperature
and rectal temperature.

A

40.03. 39.62 39.8
39.40 37.83 39.5
40.79 00.00,40.1
40.43 36.69 38.5
40.78 40.78 39.;

3

0

39.8% 38.59 38.
39.92°38.79 39.
39.47 38.15 3¢
40.60 3918 40.
40.14 33.77 39.
.40.48 39.41
41,18 39.44
39.78 38.93
,39 58 34.26
41 .09;38,3.:
.41.14 39,94
40.55. 38, 8! :

]

-rows are bloékl an#ma!l periadfy\lgmpepatune .
treatment (1238, 2#18 ‘dnd 320 G, upper _critical
temperature, . lower criticajglempera '
rectal temperaturee .
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V. The effect of thermal exposure on

rectal temperature at LCT and rect
at UCT.

L]

1 1 31 3.5 39.%

1 4 11 -5.0 39.4

1 6 2 1 -0.5 3@.1

1 112 -13.0 39.1

1 422 -8.0 38.4

. 1 123 0.5 38.5
1 4 33 7.0 37.6

1 6 1-3 -8.5 38.0

2 2.1 1 -6.5 39.8

2 w3 2 1 1.0 39.7

2 53 1 0.0 38.5

2 2 3 2.~ 1.5 37.5

2 3.1 2 -2.5 38.5

2 52 2 -7.5 39.0

2 223 .-2.5 38.1

2 333 -0.5 38.3

~ 2 513 -2.5 38.7

-rows are experiment block, animal
treatment (1=0 C, 2=18 C and 3=36

al

40.
42.
41,
40.
40.
4q.
40.
41.
41,
41,
40.
40.
40.
40.
40.
40.
41.

85

84

weight change,
temperature

ObOhQM@wambbmwow

temperature
period#,

body weight(kg), rectal temperature at LCT and

rectal temperature at UCT.
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